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@ Purified thermostable DNA polymerase obtainable from Thermococcus litoralis. 

(57) There is provided an extremely thermostable enzyme obtainable from Thermococcus litoralis . The 
thermostable enzyme has a molecular weight of about 90,000 - 95,000 daltons, a half-life of about 60 
minutes at 100°C in the absence of stabilizer, and a half-life of about 95 minutes at 100°C in the presence 
of stabilizer, such as octoxynol (TRITON X-100) or bovine serum albumin. The thermostable enzyme 
possesses a 3-5' proofreading exonuctease activity. The thermostable enzyme may be native or 
recombinant and may be used for second-strand cDNA synthesis in cDNA cloning, DNA sequencing, 
and DNA amplification. 
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FIELD OF THE INVENTION 

The present invention relates to an extremely thermostable enzyme. More specifically, ft relates to a ther- 
mostable DNA polymerase obtainable from Thermococcus litoralis . 

5 

CROSS-REFERENCE TO RELATED APPLICATIONS 

The present application is a continuation-in-part of U.S. Application Serial No. 07/626,057 filed December 
11, 1990, which is a continuation-in-part of U.S. Application 07/513,994 fBed April 26, 1990. 
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BACKGROUND OF THE INVENTION 

DNA polymerases are a family of enzymes involved in DNA repair and replication. Extensive research has 
been conducted on the isolation of DNA polymerases from mesophilic microorganisms such as E. coji. see, 
15 forexample, Bessman, etal., J.Biol.Chem. (1957) 233:171-177 and Buttinand Komberg J. Biol. Chem . (1966) 
241 :541 9-5427. 

Examples of DNA polymerases isolated from E. coj| include E. coll DNA polymerase I, fOenow fragment 
of E. coji DNA polymerase I and T4 DNA polymerase. These enzymes have a variety of uses in recombinant 
DNA technology including, for example, labelling of DNA by nick translation, second-strand cDNA synthesis 

20 in cDNA cloning, and DNA sequencing. See Maniatis, et ah, Molecular Cloning: A Laboratory Manual (1 982). 
Recently, U.S. Patent Nos. 4,683.195, 4,683,202 and 4,800,159 disclosed the use of the above enzymes in a 
process for amplifying, detecting, and/or cloning nucleic acid sequences. This process, commonly referred to 
as polymerase chain reaction (PCR), involves the use of a polymerase, primers and nucleotide triphosphates 
to amplify existing nucleic acid sequences. 

25 The DNA polymerases discussed above possess a 3' -5' exonuclease activity which provides a proofread- 
ing function that gives DNA replication much higher fidelity than it would have if synthesis were the result of 
only a one base-pairing selection step. BrutJag, D. and Komberg, A., J. Biol. Chem. t (1972) 247:241-248. DNA 
polymerases with 3'-5' proofreading exonuclease activity have a substantially lower base incorporation error 
rate when compared with a non-proofreading exonuclease-possessing polymerase. Chang, LM.S., J. Biol. 

30 Chem. (1977) 252:1873-1880. 

Research has also been conducted on the isolation and purification of DNA polymerases from 
thermophiles, such as Thermus aquaticus. Chien, A., et al. J. Bacterid . (1976) 127:1550-1557, discloses the 
isolation and purification of a DNA polymerase with a temperature optimum of 80°C from T. aquaticus YT1 
strain. The Chien, et at, purification procedure involves a four-step process. These steps involve preparation 

35 of crude extract, DEAE-Sephadex chromatography, phosphocellulose chromatography, and chromatography 
on DNA cellulose. Kaledin, etal., Biokhymiyav (1980) 45:644-651 also discloses the isolation and purification 
of a DNA polymerase from cells of T. aquaticus YT1 strain. The Kaledin, et al. purification procedure involves 
a six-step process. These steps involve isolation of crude extract, ammonium sulfate precipitation, DEAE-cel- 
lulose chromatography, fractionation on hydroxyapatite, fractionation on DEAE-cellulose, and chromatography 

40 on single-strand DNA-cellulose. 

United States Patent No. 4,889,818 discloses a purified thermostable-DNA polymerase from T. aquaticus , 
Taq polymerase, having a molecular weight of about 86,000 to 90,000 daltons prepared by a process substan- 
tially identical to the process of Kaledin with the addition of the substitution of a phosphocellulose 
chromatography step in lieu of chromatography on single-strand DNA-cellulose. In addition, European Patent 

45 Application 025801 7 d iscloses Taq polymerase as the preferred enzyme for use in the PCR process discussed 
above. 

Research has indicated that while the Taq DNA polymerase has a 5'-3 # polymerase-dependent exonuc- 
lease function, the Taq DNA polymerase does not possess a 3'-5' proofreading exonuclease function. Lawyer, 
F.C., et al. J. Biol. Chem.. (1989) 264:11, p. 6427-6437. Bemad, A., et al. CeH (1989) 59:219. As a result, Taq 

so DNA polymerase is prone to base incorporation errors, making its use in certain applications undesirable. For 
example, attempting to clone an amplified gene is problematic since any one copy of the gene may contain an 
error due to a random misincorporation event Depending on where in the replication cycle that error occurs 
(e.g., in an early replication cycle), the entire DNA amplified could contain the erroneously incorporated base, 
thus, giving rise to a mutated gene product Furthermore, research has indicated that Taq DNA polymerase 

55 has a thermal stability of not more than several minutes at 1 00°C. 

Accordingly, there is a desire in the art to obtain and produce a purified, highly thermostable DNA polymer- 
ase with 3'-5' proofreading exonuclease activity, that may be used to improve the DNA polymerase processes 
described above. 
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SUMMARY OF THE INVENTION 

In accordance with the present invention, there is provided a thermostable enzyme obtainable from T. 
litoralis which catalyzes the polymerization of DNA. The therostable enzyme obtainable from T. litoralis is a 

5 DNA polymerase which has an apparent molecular weight of about 90,000-95,000 daltons, a half-life of about 
60 minutes at 1 00°C in the absence of a stabilizer, and a half-life of about 95 minutes at 1 00°C in the presence 
of a stabilizer such as octoxynol (TRITON X-100) or bovine serum albumin. 

The DNA encoding the 90,000-95,000 daltons thermostable DNA polymerase obtainable from T. litoralis 
has been isolated and provides another means to obtain the thermostable enzyme of the present invention. 

10 The T. litoralis DNA polymerase possesses 3'-5' proofreading exonuclease activity. This is the first instance 
of an extreme thermophilic polymerase possessing this proofreading activity. As a result, T. litoralis DNA 
polymerase has a much higher fidelity than a theimostable polymerase with no 3'-5' proofreading exonuciease 
function, such as Taq polymerase. In addition, the T. litoralis DNA polymerase has a substantially greater ther- 
mal stability or half life at temperatures from 96°C to 100°C than the Taq polymerase. Finally, when used in 

1 5 DNA replication such as the above-described PCR reaction, the T. litoralis DNA polymerase is superior to Taq 
polymerase at amplifying smaller amounts of target DNA in fewer cycle numbers. 

BRIEF DESCRIPTION OF DRAWINGS 

20 FIG. 1 A - is a photograph of the SDS-poIyacrylamide gel of example 1 . 

FIG. 1B - is a graph showing the polymerase activity and exonuclease activity of the proteins eluted from 
lane 2 of the gel in Fig. 1 A. 

FIG. 2 - is a restriction site map of the Xba fragment containing the gene encoding the T. litoralis DNA 
Polymerase which is entirely contained within the BamHI fragment of bacteriophage NEB 619. 
25 FIG. 3 - is a graph showing the half-life of the T. fitoralis DNA polymerase and the Taq DNA polymerase 
at100°C. 

FIG. 4 - is a graph showing the response of T. litoralis DNA polymerase and Klenow fragment to the pre- 
sence or absence of deoxynudeotkJes. 

FIG. 5 - is a restriction site map showing the organization of the T. litoralis DNA polymerase gene in native 
30 DNA (BamHI fragment of NEB 619) and in E. coJi NEB671 and NEB 687. 

FIG. 6 - is a partial nucleotide sequence of the 14 kb BamHI restriction fragment of bacteriophage NEB61 9 
inclusive of the 1 .3 kb, 1 .6 kb and 1.9 kb Eco Rl fragments and part of the Eco RI/BamHI fragment 

FIG. 7 - is a comparison of the amino acids in the DNA polymerase consensus homology region III with 
the amino acids of the T. litoralis homology island III. 
35 FIG. 8 - are representations of the vectors 

FIG. 9 & pPR969 and pCAS4 and V174-1B1, 

FIG. 10 - respectively. 

FIG. 11 - is a graph ilustrating the T. litoralis DNA polymerase variant constructed in Example VI lacks 
detectable 3'to 5' exonuclease activity. 
40 FIG. 12 - is a nucleotide sequence of the primers used in Example III. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The preferred thermostable enzyme herein is a DNA polymerase obtainable from T. litoralis strain NS-C 
45 (DSM No. 5473). T. litoralis was isolated from a submarine thermal vent near Naples, Italy in 1985. This organ- 
ism, T. litoralis. is an extremely thermophlic, sulfur metabolizing, archaebacteria, with a growth range between 
55°C and 98°C. Neuner, et al„ Arch. Microbiol. (1990) 153:205-207. 

For recovering the native protein, T. litoralis may be grown using any suitable technique, such as the tech- 
nique described by Belkin, et ai., Arch. Microbiol. (1985) 142:181-186, the disclosure of which is incorporated 
co by reference. 

After cell growth, one preferred method for isolation and purification of the enzyme is accomplished using 
the multi-step process as follows. 

First, the cells, if frozen, are thawed, suspended in a suitable buffer such as buffer A (10 mM KP04 buffer, 
pH 7.4; 1.0 mM EDTA, 1.0 mM beta-mercaptoethanol), sonicated and centrifuged. The supernatant is then pas- 
55 sed through a column which has a high affinity for proteins that bind to nucleic adds such as Affigel blue column 
(Biorad). The nucleic acids present in supernatant solution of T. litoralis and many of the proteins pass through 
the column and are thereby removed by washing the column with several column volumes of low salt buffer at 
pH of about 7.0. After washing, the enzyme is eluted with a linear gradient such as 0.1 to 2.0 M NaCI buffer A. 
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The peak DNA polymerase activity is dialyzed and applied to phosphocellulose column. The column is washed 
and the enzyme activity eluted with a linear gradient such as 0.1 to 1.0 M NaCI in buffer A. The peak DNA 
polymerase activity is dialyzed and applied to a DNA cellulose column. The column is washed and DNA 
polymerase activity is eluted with a linear gradient of 0.1 to 1.0 M NaCI in buffer A The fractions containing 
5 DNA polymerase activity are pooled, dialyzed against buffer A, and applied to a high performance liquid 
chromatography columm (HPLC) mono-Q column (anion exchanger). The enzyme is again eluted with a linear 
gradient such as 0.05 to 1.0 M NaCI in a buffer A. The fractions having thermostable polymerase activity are 
pooled, diluted and applied to HPLC monc-S column (cation exchanger). The enzyme is again eluted with a 
linear gradient such as 0.05 to 1.0 M NaCI in buffer A. The enzyme is about 50% pure at this stage. The enzyme 

10 may further be purified by precipitation of a contaminating lower molecular weight protein by repeated dialysis 
against buffer A supplemented with 50 mM NaCI. 

The apparent molecular weight of the DNA polymerase obtainable from T. litoralis is between about 90,000 
to 95,000 daltons when compared with protein standards of known molecular weight, such as phosphorylase 
B assigned a molecular weight of 97,400 daltons. It should be understood, however, that as a protein from an 

is extreme thermophile, T. litoralis DNA polymerase may electrophorese at an aberrant relative molecular weight 
due to failure to completely denature or other instrinsic properties. The exact molecular weight of the thermost- 
able enzyme of the present invention may be determined from the coding sequence of the T. litoralis DNA 
polymerase gene. The molecular weight of the eluted product may be determined by any technique, for 
example, by SDS-polyacryiamide gel electrophoresis (SDS-PAGE) using protein molecular weight markers. 

20 Polymerase activity is preferably measured by the incorporation of radbactively labeled deoxynucleotides 
into DNAse-treated, or activated, DNA; following subsequent separation of the unincorporated deoxynuc- 
leotides from the DNA substrate, polymerase activity is proportional to the amount of radioactivity in the acid- 
insoluble fraction comprising the DNA Lehman, I.R., et al. t J. Biol. Chem. (1958) 233:163, the disclosure of 
which is incorporated herein by reference. 

25 The half-life of the DNA polymerase of the present invention at 100°C is about 60 minutes. The thermal 
stability or half-life of the DNA polymerase is determined by preincubating the enzyme at the temperature of 
interest in the presence of all assay components (buffer, MgCfe, deoxynucleotides, and activated DNA) except 
the single radioactively-labeled deoxynucleotJde. At predetermined time intervals, ranging from 4-1 80 minutes, 
small aliquots are removed, and assayed for polymerase activity using the method described above. 

30 The half-life at 100°C of the DNA polymerase can also be determined in the presence of stabilizers such 
as the nonionic detergent octoxynol, commonly known as TRITON X-100 (Rohm & Haas Co.), or the protein 
bovine serum albumin (BSA). The non-ionic detergents polyoxyethylated (20) sorbitan monolaurate (Tween 20, 
ICI Americas Inc.) and ethoxyiated aikyi Phenol (nonyi) (ICONOL NP-40, BASF Wyandotte Corp.) can also be 
used. Stabilizers are used to prevent the small amount of enzyme added to the reaction mixture from adhering 

35 to the sides of the tube or from changing its structural conformation in some manner that decreases its enzyma- 
tic activity. The half-life at 1 00°C of the DNA polymerase obtainable from T. litoralis in the presence of the stabi- 
lizer TRITON X-100 or BSA is about 95 minutes. 

The thermostable enzyme of this invention may also be produced by recombinant DNA techniques, as the 
gene encoding this enzyme has been cloned from T. litoralis genomic DNA. The complete coding sequence 

40 for the T. litoralis DNA polymerase can be derived from bacteriophage NEB 619 on an approximately 14 kb 
BamHI restriction fragment This phage was deposited with the American Type Culture Collection (ATCC) on 
April 24, 1990 and has Accession No. ATCC 40795. 

The production of a recombinant form ofT. litoralis DNA polymerase generally includes the following steps: 
DNA is isolated which encodes the active form of the polymerase, either in its native form or as a fusion with 

45 other sequences which may or may not be cleaved away from the native form of the polymerase and which 
may or may not effect polymerase activity. Next, the gene is operably linked to appropriate control sequences 
for expression in either prokaryotic or eukaryotic host/vector systems. The vector preferably encodes all func- 
tions required for transformation and maintenance in a suitable host, and may encode selectable markers 
and/or control sequences for T. litoralis polymerase expression. Active recombinant thermostable polymerase 

so can be produced by transformed host cultures either continuously or after induction of expression. Active ther- 
mostable polymerase can be recovered either from within host cells or from the culture media if the protein is 
secreted through the ceil membrane. 

While each of the above steps can be accomplished in a number of ways, it has been found in accordance 
with the present invention that for cloning the DNA encoding T. litoralis DNA polymerase, expression of the 

55 polymerase from its own control sequences in E. coli results in instabBity of the polymerase gene, high fre- 
quency of mutation in the polymerase gene, slow cell growth, and some degree of cell mortality. 

While not wishing to be bound by theory, it is believed that this instability is due at least in part to the pre- 
sence of an intron that splits the T. litoralis DNA polymerase gene. Introns are stretches of intervening DNA 
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which separate coding regions of a gene (the protein coding regions are called exons). Introns can contain non- 
sense sequences or can code for proteins. In order to make a functional protein, the intron must be spliced out 
of the pre-mRNA before translation of the mature mRNA into protein. Introns were originally identified in 
eukaryotes, but have been recently described in certain prokaryotes. See . Krainer and Maniatis (Transcription 
5 and Splicing (1988) B.D. Hames and D.M. Glover, eds. IRL Press, Oxford and Washington, D.C. pp. 131-206). 
When a gene with an intron is transcribed into mRNA the intron may self-splice out to form a mature mRNA or 
cellular factors may be required to remove the intron from the pre-mRNA. Id. Bacterial introns often require 
genus specific co-factors for splicing. For example, a Bacfllus intron may not be spliced out in E. c»[i. Id. 

However, there is some evidence that suggests that the intervening DNA sequence within the gene coding 
10 for the T. literal is DNA polymerase is transcribed and translated, and that the peptide produced therefrom is 
spliced out at the protein level, not the mRNA level. Therefore, regardless of where the splicing event occurs, 
in accordance with the present invention, in order to express T. fitoralis DNA polymerase in E otK, it is neces- 
sary to delete the T. I'rtoralis DNA polymerase intervening sequence prior to expression of the polymerase in 
an E. coli system. Of course, the recombinant vector containing the T. literal's DNA polymerase gene could be 
f 5 expressed in systems which possess the appropriate factors for splicing the intron, for example, a Thermocoo- 

system. It is also believed that the T. Iftoralis gene may be expressed in a mammalian expression system 
which has the appropriate factors to splice such an intron. 

It is also preferable that T. litoralis thermostable polymerase expression be tightly controlled in E. coli during 
cloning and expression. Vectors useful in practicing the present invention should provide varying degrees of 
20 controlled expression of T. litoralis polymerase by providing some or all of the following control features: (1) 
promoters or sites of initiation of transcription, either directly adjacent to the start of the polymerase or as fusion 
proteins, (2) operators which could be used to turn gene expression on or off, (3) ribosome binding sites for 
improved translation, and (4) transcription or translation termination sites for improved stability. Appropriate 
vectors used in cloning and expression of T. litoralis polymerase include, for example, phage and plasmids. 
25 Example of phage include lambda gtll (Promega), lambda Dash (Stratagene) lambda Zapll (Stratagene). Exam- 
ples of plasmids include pBR322, pBluescript (Stratagene), pSP73 (Promega), pGW7 (ATCC No. 40166), 
pETBA (Rosenberg, etal.,Gene, (1987) 56:125-135), and pET11C (Methods in EnzvmoloqW1990) 185:60-89). 

Transformation and Infection 

90 

Standard protocols exist for transformation, phage infection and cell culture. Maniatis, et aL, Molecular 
Cloning: A Laboratory Manual (1982). Of the numerous E. Mli strains which can be used for plasmid transfor- 
mation, the preferred strains include JM101 (ATCC No. 33876), XL1 (Stratagene), and RRI (ATCC No. 31343), 
and BL21 (DE3) prysS (Methods in Enzymology (1990) supra) . E. coli strain XL1 , ER1578 and ER1458 (Raleigh, 

35 et al. t NA. Research (1988) 16:1563-1575) are among the strains that can be used for lambda phage, and 
Y1089 can be used for lambda gtll lysogeny. When preparing transient lysogens in Y1089 (Arasu, et al. v Ex- 
perimental Parasitology (1987) 64:281-289), a culture is infected with lambda gtll recombinant phage either by 
a single large dose of phage or by co-culturing with a lytic host The infected Y1089 cells are preferably grown 
at 37°C in the presence of the inducer IPTG resulting in buildup of recombinant protein within the lysis-defective 

40 host/phage system. 

Construction of Genomic DNA Expression Library and Screening for Thermostable Polymerase 

The most common methods of screening for a gene of choice are (1) by hybridization to homologous genes 
45 from other organisms, (2) selection of activity by complementation of a host defect, (3) reactivity with specific 
antibodies, or (4) screening for enzyme activity. Antibody detection is preferred since it initially only requires 
expression of a portion of the enzyme, not the complete active enzyme. The instability of the T. litoralis polymer- 
ase gene in E. coli would have made success by other methods more difficult 

I- litoralis DNA can be used to construct genomic libraries as either random fragments or restriction enzyme 
so fragments. The latter approach is preferred. Preferably, Eco RI partiais are prepared from T. litoralis genomic 
DNA using standard DNA restriction techniques such as described in Maniatis, et aL, Molecular Cloning: A 
Laboratory Manual (1982), the disclosure of which is incorporated herein by reference. Other restriction 
enzymes such as BamHI, Nail and Xbal can also be used. 

Although methods are available to screen both plasmids and phage using antibodies (Young and Davis, 
55 PNAS. (1983) 80:1 194-1 198), in accordance with the present invention it has been found that phage systems 
tend to work better and are therefore preferred for the first libraries. Since it is uncertain whether T. litoralis 
control regions function in E. coli, Phage vectors which supply all necessary expression control regions such 
as lambda gtl 1 and lambda Zap II, are preferred. By cloning T. litoralis DNA into the Eco RI site of lambda 
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gt11, T. litoralis polymerase may be expressed either as a fusion protein with beta-galactosidase or from its 
own endogenous promoter. 

Once formed, the expression libraries are screened with mouse anti- T. Ittoralis DNA polymerase antiserum 
using standard antibody plaque hybridization procedures such as those described by Young and Davis, PNAS 
5 (1983), supra. 

The mouse anti-T. litoralis DNA polymerase antiserum used to screen the expression libraries can be prep- 
ared using standard techniques, such as the techniques described in Harlow and Cane, Antibodies: A Laborat- 
ory Manual (1988) CSH Press, the disclosure of which is incorporated herein by reference. Since most sera 
react with EL col[ proteins, it is preferable that the T. litoralis polymerase antisera be preabsorbed by standard 
10 methods against E. coli proteins to reduce background reactivity when screening expression libraries. Phage 
reacting with anti-T. litoralis polymerase antiserum are picked and plaque purified. Young and Davis, PNAS 
(1983), supra. 

The T. litoralis DNA polymerase DNA, coding for part of the whole gene, can then be subdoned in, for 
example, pBR322, pBluescript, M13 or pUC19. If desired, the DNA sequence can be determined by, for 
is example, the Sanger dideoxy chain-terminating method (Sanger, F„ NtcWen, S. & Couison, A.R. PNAS (1977) 
74:5463-5467). 

Identification of DNA Encoding and Expression of the T. litoralis DNA Polymerase . 

20 Several methods exist for determining that the DNA sequence coding for the T. litoralis DNA polymerase 
has been obtained. These include, for example, comparing the amino-terminal sequence of the protein pro- 
duced by the recombinant DNA to the native protein, or determining whether the recombinant DNA produces 
a protein which binds antibody specific for native T. litoralis DNA polymerase. In addition, research by Wang, 
etal., FASEB Journal (1989) 3:20 suggests that certain regions of DNA polymerase sequences are highly con- 

25 served among many species. As a result by comparing the predicted amino acid sequence of the cloned gene 
with the amino acid sequence of known DNA polymerases, such as human DNA polymerase and E. roli phage 
T4 DNA polymerase, the identification of these islands of homology provides strong evidence that the recom- 
binant DNA indeed encodes a DNA polymerase. 

Once identified, the DNA sequence coding for the X- litoralis DNA polymerase, can be cloned into an 

30 appropriate expression vector such as a plasmid derived from E. col], for example, pET3A, pBluescript or 
pUC19, the plasmkJs derived from the Bacjlys subtilis such as pUB110, pTP5 and pC194, plasmids derived 
from yeast such as pSH1 9 and pSH1 5, bacteriophage such as lambda phage, bacteria such as Agro bacterium 
tumefaciens, animal viruses such as retroviruses and insect viruses such as Bacuiovirus. 

As noted above, in accordance with the present invention, it has been found that DNA coding for T. litoralis 

35 DNA polymerase contains an 1614 bp intron or intervening sequence, spanning from nucleotides 1776 to 3389 
in Figure No. 6. Therefore, prior to overexpression in host cells such as E. coli , it is preferable to delete the 
DNA sequence coding for the intron. There are a number of approaches known in the art which can be used 
to delete DNA sequences and therefore splice out an intron in -vitro . One method involves identifying unique 
restriction enzyme sites in the coding region which are near the splice junction or area to be deleted. A duplex 

40 oligomer is synthesized to bridge the gap between the 2 restriction fragments. A 3-part ligation consisting of 
the amino end restriction fragment, the bridging oligo and the carboxy end restriction fragment yields an intact 
gene with the intron deleted. 

Another method is a modification of the above-described method. The majority of the intron is deleted by 
cutting with restriction enzymes with unique site within the intron, but close to the coding sequence border. The 

45 linear plasmid containing a deletion of the majority of the intron is ligated together. Single strand phage are 
generated from the pBluescript vector recombinant by superinfection with the f1 helper phage IR1. A single 
strand oligomer is synthesized with the desired final sequence and is annealed to the partially deleted intron 
phage DNA. The remainder of the intron is thus looped out By producing the original phage in E. goto strain 
CJ236 the Kunkel method of mutagenesis (Methods in Enzymology 154:367 (1987)) can be used to select for 

so the full deleted intron contructs. 

Yet another method which can be used to delete the intron uses DNA amplification. See , for example, Mani- 
atis, etal., Molecular Cloning: A Laboratory Manual, (1989) Vol. 2, 2nd edition, the disclosure of which is herein 
incorporated by reference. Briefly, primers are generated to amplify and subsequently join the amino and car- 
boxyl halves of the gene. 

55 When an intron is deleted in -vitro, using the methods discussed above, the native splice junction may be 
unknon. Accordingly, one skilled in the art would predict that several possible artificial splice junctions exist 
that would result in the production of an active enzyme. 

Once the intron is deleted, overexpression of the T. litoralis DNA polymerase can be achieved, for example, 
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by separating the T. litoralis DNA polymerase gene from its endogenous control elements and then operably 
linking the polymerase gene to a very tightly controlled promoter such as a T7 expression vector. See, Rosen- 
berg, et a!., Gene (1987) 56:125-135, which is hereby incorporated by reference. Insertion of the strong pro- 
moter may be accomplished by identifying convenient restriction targets near both ends of the T. litoralis DNA 
polymerase gene and compatible restriction targets on the vector near the promoter, or generating restriction 
targets using site directed mutagenesis (Kunkel (1984), supra) , and transferring the T. litoralis DNA polymerase 
gene into the vector in such an orientation as to be under transcriptional and translationai control of the strong 
promoter. 

I. litoralis DNA polymerase may also be overexpressed by utilizing a strong ribosome binding site placed 
upstream of the T. litoralis DNA polymerase gene to increase expression of the gene. See, Shine and Dalgamo 
Proc. Natl. Acad. Sci. USA (1974) 71:1342-1346, which is hereby incorporated by reference. 

The recombinant vector is introduced into the appropriate host using standard techniques for transfor- 
mation and phage infection. For example, the calcium chloride method, as described by Cohen, S.N., PNAS 
(1972) 69:2110 is used for E. cdi, the disclosure of which is incorporated by reference. The transfbmiationof 
BacjHus is carried out according to the method of Chang, S., et al., Molecular and General Genetics (1979) 
1 68:1 1 1 , the disclosure of which is incorporated by reference. Transformation of yeast is carried out according 
to the method of Parent, et al., Yeast (1985) 1:83-138, the disclosure of which is incorporated by reference. 
Certain plant cells can be transformed with Aqrobacterium tumefeciens. according to the method described by 
Shaw, C.H., et ai., Gene (1983) 23:315, the disclosure of which is incorporated by reference. Transformation 
of animal cells is carried out according to, for example, the method described in Virology (1973) 52:456, the 
disclosure of which is incorporated by reference. Transformation of insect cells with Baculovirus ts carried out 
according to, for example, the method described in Biotechnology (1988) 6:47, the disclosure of which is incor- 
porated herein by reference. 

The transfbrmants are cultivated, depending on the host cell used, using standard techniques appropriate 
to such cells. For example, for cultivating E. cdi, cells are grown in LB media (Maniatis, supra) at 30°C to 42°C 
to mid log or stationary phase. 

The T. litoralis DNA polymerase can be isolated and purified from a culture of transformed host cells, for 
example, by either extraction from cultured ceils or the culture solution. 

When the T. Iftoralis DNA polymerase is to be extracted from a cultured cell, the cells are collected after 
cultivation by methods known in the art, for example, centrifugatton. Then, the collected cells are suspended 
in an appropriate buffer solution and disrupted by ultrasonic treatment, lysozyme and/or freeze-thawing. A crude 
extract containing the T. litoralis DNA polymerase is obtained by centrifugation and/or filtration. 

When the T. litoralis DNA polymerase is secreted into the culture solution, i.e„ alone or as a fusion protein 
with a secreted protein such as maltose binding protein, the supernatant is separated from the cells by methods 
known in the art 

The separation and purification of the T. litoralis DNA polymerase contained in the culture supernatant or 
the ceil extract can be performed by the method described above, or by appropriate combinations of known 
separating and purifying methods. These methods include, for example, methods utilizing solubility such as 
salt precipitation and solvent precipitation, methods utilizing the difference in molecular weight such as dialysis, 
ultra-fittration, gel-fitration, and SDS-polyacrylamide gel electrophoresis, methods utilizing a difference in elec^ 
trie charge such as ion-exchange column chromatography, methods utilizing specific affinity such as affinity 
chromatography, methods utilizing a difference in hydrophobicity such as reverse-phase high performance 
liquid chromatography and methods utilizing a difference in isoelectric point such as isoelectric focusing 
electrophoresis. 

One preferred method for isolating and purification of the recombinant enzyme is accomplished using the 
multi-stage process as follows. 

First the cells, if frozen are thawed, suspended in a suitable buffer such as Buffer A (100 mM Nad, 25 
mM Tris pH 7.5, 0.1 mM EDTA, 10% glycerol, 0.05% Triton X-100), lysed and centrifuged. The clarified crude 
extract is then heated to 75°C for approximately 30 minutes. The denatured proteins are removed by centrifu- 
gation. The supernatant is then passed through a column that has high affinity for proteins that bind to nucleic 
adds such as AfRgel Blue column (Biorad). The nucleic acids present in the supernatant solution and many of 
proteins pass through the column and are thereby removed by washing the column with several column 
volumes with low-salt buffer at pH of about 7.0. After washing, the enzyme is eluted with a linear gradient such 
as 0.1 M to 1.5 M NaCI Buffer A. The active fractions are pooled, dialyzed and applied to a phosphoceilulose 
column. The column is washed and DNA polymerase activity eluted with a linear gradient of 0.1 to 1.0 M NaCI 
in Buffer B (100 M NaCI, 15 mM KPO* 0.1 mM EDTA, 10% glycerol, 0.05% Triton X-100, pH 6.8). The fractions 
are collected and BSA is added to each fraction. The fractions with DNA poiyermerase activity are pooled. The 
T. litoralis DNA polymerase obtained may be further purified using the standard product purification techniques 
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discussed above. 

Stabilization and Use of the T. litoralis DNA Polymerase. 

5 For long-term storage, the thermostable enzyme of the present invention is stored in the following buffer 
0.05 M NaCI, 0.01 M KP0 4 (pH 7.4), 0.1 mM EDTA and 50% glycerol at -20°C. 

The T. litoralis DNA polymerase of the present invention may be used for any purpose in which such an 
enzyme is necessary or desnrable. For example, in recombinant DNA technology including, second-strand 
cDNA synthesis in cDNA cloning, and DNA sequencing. See Maniatis, et al., supra . 

10 The T. litoralis DNA polymerase of the present invention may be modified chemically or genetically to inac- 

tivate the 3 r -5' exonudease function and used for any purpose in which such a modified enzyme is desirable, 
e.g., DNA sequencing. 

For example, genetically modified T. litoralis DNA polymerase may be isolated by randomly mutagenizing 
the T. litoralis DNA polymerase gene and then screening for those mutants that have lost exonudease activity, 
15 without loss of polymerase activity. Alternatively, genetically modified T. litoralis DNA polymerase is preferably 
isolated using the site-directed mutagenesis technique described in Kunkel, T.A., PNAS (1985) 82:488-492, 
the disclosure of which is herein incorporated by reference. 

In addition, the T. litoralis DNA polymerase of the present invention may also be used to amplify DNA, e.g. f 
by the procedure disclosed in U.S. Patent Nos. 4,683,195, 4,683,202 and 4,800,159. 
20 The following examples are given to illustrate embodiments of the present invention as it is presently pre- 
ferred to practice. It will be understood that the examples are illustrative, and that the invention is not to be 
considered as restricted except as indicated in the appended claims. 

EXAMPLE I 

25 

PURIFICATION OF A THERMOSTABLE DNA POLYMERASE FROM THERMOCOCCUS LITORALIS 

Thermococcus litoralis strain NS-C (DSM No. 5473) was grown in the media described by Belkin, et al. 
supra, containing 10 g/l of elemental sulfur in a 100 liter fermentor at its maximal sustainable temperature of 

30 approximately 80°C for two days. The cells were cooled to room temperature, separated from unused sulfur 
by decanting and collected by centrifugation and stored at -70°C. The yield of cells was 0.6 g per liter. 

183 g of cells obtained as described above, were suspended in 550 ml of buffer A (10 mM KP0 4 buffer, 
pH 7.4; 1.0 mM EDTA, 1.0 mM beta-mercaptoethanol) containing 0.1 M NaCI and sonicated for 5 minutes at 
4°C. The lysate was centrifuged at 15,000 g for 30 minutes at4°C. The supernatant solution was passed through 

35 a 470 ml Affigel blue column (Biorad). The column was then washed with 1000 ml of buffer A containing 0.1 M 
NaCI. The column was eluted with a 2000 ml linear gradient from 0.1 to 2.0 M NaCI in buffer A. The DNA 
polymerase eluted as a single peak at approximately 1.3 M NaCI and represented 80% of the activity applied. 
The peak activity of DNA polymerase (435 ml) was dialyzed against 4 liters of buffer A, and then applied to 80 
ml Phosphocellulose column, equilibrated with buffer A containing 0.1 M NaCI. The column was washed with 

40 160 m! of buffer A containing 0.1 M NaCI, and the enzyme activity was eluted with 1000 ml linear gradient of 
0.1 to 1.0 M NaCI in buffer A. The activity eluted as a single peak at 0.6 M NaCI and represented 74% of the 
activity applied. The pooled activity (150 ml) was dialyzed against 900 ml of buffer A and applied to a 42 ml 
DNA-cellulose column. The column was washed with 84 ml of buffer A containing 0.1 M NaCI, and the enzyme 
activity eluted with a linear gradient of buffer A from 0. 1 to 1 .0 M NaCI. The DNA polymerase activity eluted as 

45 a single peak at 0.3 M NaCI, and represented 80% of the activity applied. The activity was pooled (93 ml). The 
pooled fractions were dialyzed against 2 liters of buffer A containing 0.05 M NaCI and then applied to a 1.0 ml 
HPLC mono-Q column (Pharmacia). The DNA polymerase activity was eluted with a 100 ml linear gradient of 
0.05 M to 1.0 M NaCI in buffer A. The DNA polymerase activity eluted as a single peak at 0.1 M NaCI and rep- 
resented 1 6% of the activity applied. The pooled fractions (3.0 ml) were diluted to 6 ml with buffer A and applied 

so to an 1.0 ml HPLC mono-S column (Pharmacia) and eluted with a 100 ml linear gradient in buffer A from 0.05 
to 1.0 M NaCI. The activity eluted as a single peak at 0.19 M Nad and represented 75% of the activity applied. 

By SDS-poIyacrylamide gel electrophoresis (SDS-PAGE) and subsequent staining of the proteins using a 
colloidal stain (ISS Problue) more sensitive than Coomassie Blue (Neuhoff, et al., Electrophoresis (1 988) 9:255- 
262), it was determined that the DNA polymerase preparation was approximately 50% pure: two major bands 

55 were present, one at 90,000 to 95,000 daltons and a doublet at 18,000 daltons. Figure No. 1A. A very minor 
band was evident at approximately 80,000 to 85,000 daltons. At this level of purification the polymerase had 
a specific activity of between 30,000 and 50,000 units of polymerase activity per mg of polymerase protein. On 
a separate SDS-polyacrylamide gel verification of the identity of the stained band at 90,000 to 95,000 daltons 
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was obtained by cutting the gel lane containing the purified T. literal is polymerase into 18 slices. Embedded 
proteins were eluted from the gel by crushing the gel slices in a buffer containing 0,1% SDS and 100 ug/ml 
BSA. The eluted proteins were denatured by exposure to guanidine HCI, then renatured via dilution of the 
denatura nt as described by Hager and Burgess Analytical Biochemistry (1980) 109:76-86. Polymerase activity 
5 as measured by incorporation of radioactivity labeled ^P-dCTP into acid-insoluble DNA (as previously des- 
cribed) and assayed for exonuclease activity (as measured by the release of 3 H-Iabelled DNA to an acid soluble 
form as described in Example V). As shown in Figure No. 1B, only the 90,000 to 95,000 daltons band alone 
showed'either significant polymerase activity or exonuclease activity. 

The DNA polymerase preparation was dialyzed against buffer A containing 0.05 M NaCI. As was deter- 
to mined by SDS-PAGE, much of the 18,000 dalton protein precipitated out of the solution. The yield of T. litoralfe 
DNA polymerase was determined to be 0.5 mg by quantitative protein analysis, and this represented 6.5% of 
the total activity present in the starting crude extract 

Purified T. Iftoralis Polymerase was electrophoresed and stained with eitherCoomassie Blue or the colloidal 
stain (ISS Problue) previously described to detect protein. One deeply staining protein band was seen at about 
15 90,000 to 95.000 daltons; this molecular weight determination was obtained by comparison on the same gel 
to the migration of the following marker proteins (Bethesda Research Laboratories): myosin, 200,000 daltons; 
phosphoryiase B, 97,400 daltons; BSA, 68,000 daltons; ovalbumin, 43,000 daltons, carbonic anhydrase 29,000 
daltons; b-lactoglobulin, 18,400 daltons; lysoyzme 14,300 daltons. 

20 EXAMPLE II 

CLONING OF T. UTORAUS DNA POLYMERASE GENE 

A PRODUCTION OF MOUSE ANT1-T. LITORALIS DNA POLYMERASE ANTISERUM 

25 

Immunization of Mice 

A 3 ml solution containing 0.4 mg of polymerase protein (obtained by the method of Example I) was con- 
centrated at 4°C to approximately 0.3 ml and used to inoculate two mice. The purified T. litoralfe polymerase 
30 preparation consisted of four bands of approximately 85-95, 75-85, and a doublet of 1 0-25 kDal on Coomassie 
blue stained SDS-PAGE gels. As shown in Example 1 , the T. litoralis polymerase is approximately 90-95 kDal. 
Both T. litoralis polymerase antisera recognize all four proteins present in the immunogen. 

The immunization schedule was as follows: mouse one was immunized intra peritioneally (IP) with 20 ug 
of T. litoralis polymerase, prepared as above, in Freunds' complete adjuvant (FCA). Seven days later, both mice 
35 were immunized IP with 50 ug T. litoralis polymerase in FCA Twenty-seven days later both mice were 
immunized IP with 30 ug T. litoralis polymerase for mouse one and 50 ug T. litoralis polymerase for mouse two 
in Freunds' incomplete adjuvant Mouse one was Wed two weeks later and mouse two was bled 20 days later. 
Sera was prepared from Wood by standard methods (Harlow and Lane, Antibodies: A Laboratory Manual . 
1988). 

40 Anti-T. litoralis Polymerase antisera was diluted in TBSTT (20 mM Tris pH 7.5, 1 50 mM NaCI, 0.2% Tween 
20, and 0.05% Triton-X 100) containing 1% BSA, 0.1% NaAzide, 0,1% PMSF. 

Preabsorption of Anti-T . Iftoralis Polymerase Antiserum Against E coii lysates 

45 Since most sera react with E. coli Proteins, T. litoralis polymerase antisera were preabsorbed, using the 
fblowing method, against E. coli proteins to reduce background reactivity when screening libraries or recom- 
Knant antigens. E. coli cell paste was thawed and lysed by sonication and soiuWe protein was bound to AffigeJ 
10 (Biorad) as described by the manufacturer. 4 ml of E. coli resin were washed two times in TBS (TBSTT with- 
out detergents). 0.35 ml of sera was diluted approximately 1 to 5 in TBSTT, 1% BSA, 0.1 % NaAzide and mixed 

co with resin overnight at 4°C. The resin was pelleted by centrifugation and washed. The recovered preabsorbed 
sera was at a 1 to 17 diution and was stored frozen at -20°C until use. 

For screening, preabsorbed sera was diluted as above to a final concentration of 1:200. 

B. IDENTIFICATION OF A PROBE FOR THET. litoralis POLYMERASE GENE 

Construction of a lambda gtil Expression Library 



A probe for the T. litoralis polymerase gene was obtained following immunological screening of a lambda 
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gtll expression library. 

T. litoralis DIMA was partially digested as follows: four yg of T. litoratis DNA was digested at 37°C with five 
units of Eco Rl in a 40 yl reaction using Eco Rl buffer (Eco Rl buffer = 50 mM NaCI, 100 mM Tris pH 7.5, 20 
mM Mga 2 , 10 mM BME). Three yl of 100 mM EDTA was added to 15 yl samples at 30, 45 and 60 minutes. 2 

5 yg of T, litoralis DNA was digested for 90 minutes at 37°C with 20 units of Eco Rl in 20 reaction using Eco 
Rl buffer and the reaction was stopped by adding 2 yl of 1 00 mM EDTA, 0.2 yg of each digest was electrophor- 
esed on an agarose gel to monitor the extent of digestion. Approximately 3 yg of T. litoralis DNA Eco Rl partials 
(14 til from the 60-minute digest and 19 yl from the 90-minute digest) were pooled to form the "Eco Rl poor 
and heated at 65°C for 15 minutes. 

10 0.5 yl of the Eco Rl pool were iigated to 0.28 yg of Eco Rl cut, bacterial alkaline phosphatase treated lambda 
gtil DNA in a five yl reaction using standard ligation buffer (ligation buffer = 66 mM Tris pH 7.5, 1 mM ATP, 1 
mM spermidine, 10 mM MgCI2 ( 15 mM DTT, and 2 mg/mi gelatin) and 0.5 pJ T4 DNA ligase (New England 
Bidabs No. 202). The ligation was performed at 16°C overnight 4 yl of this ligation reaction were packaged 
using Gigapack Gold (Stratagene) according to the manufacturers instructions. After incubation at room ten> 

15 perature for two hours, the packaged phage were diluted in 500 yl of SM (SM = 1 00 mM NaCI, 8 mM MgS0 4 , 
50 mM Tris pH 7.5, 0.01 % gelatin) plus three drops chloroform. The packaged Eco Rl library was called sample 
V6-1 and consisted of 1.1 x 10 s individual phage. E. poji strain ER1578 was used for phage infection. 

Immunological Screening of Lambda gtll Expression Library 

20 

The initial phage library was screened (Young, R.A. and R.W. Davis Science. (1983) 222:778-782) with a 
1:200 dilution of the antiserum produced above. 36 phage (V1 0-22 through V1 0-55) which reacted with the anti- 
I- litoralis DNA polymerase antiserum were picked and 16 phage were plaque purified. 

The 16 antibody positive phage were used to lysogenize E. cpji K-12 strain Y1089. Lysogens were 
25 screened for thermostable DNA polymerase activity, no activity was detected. 

Western blots (Towbin, et al. f PNAS, (1979) 76:4350-4354) from these 16 lysates were probed with anti-T. 
litoralis Polymerase antiserum. All proteins from these lysates which reacted with T. litoralis polymerase anti- 
serum were smaller than T. litoralis polymerase, and were also smaller than beta-galactosidase, indicating that 
none were fusion proteins with beta-galactosidase. 
30 Eight of the 16 antibody positive phage were used to affinity purify epitope-specific antibodies from total 
antiserum (Beall and Mitchell, J. Immunological Methods. (1986) 86517-223). 

The eight affinity purified sera were used to probe Western blots of both purified T. litoralis polymerase 
and T. litoraiis crude lysates. Antibody purified from NEB 618 plaques specifically reacted with T. litoralis 
polymerase in purified and T. litoralis crude lysates. This was strong evidence that phage NEB 618 encodes 
35 approximately 38 kDal of the amino terminus of the T. litoraiis polymerase. Bacteriophage NEB618 and depo- 
sited under ATCC No. 40794 on 24th April 1990. 

Characterization of Phage NEB 618 and Subcloning of Eco Rl Inserts 

40 Western blot analysis indicated that phage NEB 618 synthesized several peptides ranging in size from 
approximately 1 5-40 kDa! which bound T. litoralis polymerase antisera. DNA from phage NEB 61 8 was purified 
from liquid culture by standard procedures (Maniatis, et al. t supra .) Digestion of NEB 61 8 DNA with Eco Rl yiel- 
ded fragments of 1 .3 and 1 .7 kb. An Eco Rl digest of NEB 618 DNA was Iigated to Eco Rl cut pBluescript DNA. 
20 yg of pBluescriptSK+ were digested with 40 units of Eco Rl in 40 pJ Eco Rl buffer at 37°C for three hours, 

45 followed by 65° for 15 minutes. 10 yg of NEB 618 DNA were digested with 40 units of Eco Rl in 40 yl Eco Rl 
buffer at 37°C for 75 minutes, followed by 65°C for 1 5 minutes. 1 .75 yg of Eco Rl cut NEB 61 8 DNA were I igated 
to 20 ng Eco Rl cut pBluescriptSK+ with one yl T4 DNA ligase (New England Biolabs No. 202) in 10 yl ligation 
buffer. The ligation was performed overnight at 1 6°C. JM101 CaCI competent ceils (Maniatis, et al„ supra) were 
transformed with 5 y! of the ligation mixture. Of 24 recombinants examined, all but one contained the 1.7 kb 

so fragment; clone V27-5.4 contained the 1 .3 kb T. litoralis DNA fragment 

Antibodies from T. litoralis polymerase mouse antisera were affinity purified, as described above, on lysates 
from V27-5.4 (encoding the 1.3 kb Eco Rl fragment) and V27-5.7 (encoding the 1.7 kb Eco Rl fragment in 
pBluescript) and reacted with Western blot strips containing either purified or crude T. litoralis polymerase. Anti- 
bodies selected on lysates of V27-5.4 reacted with T. litoralis polymerase in both crude and purified prepa- 

55 rations. In addition, the first three amino acids from the N-terminal protein sequence of native T. litoralis 
polymerase (methionine-isoleucine-leucine) are the same as in the predicted open reading frame (ORF) in the 
V27-5.4 clone. 

From these results it was concluded that V27-5.4 encoded the amino terminal of T. litoralis polymerase. 
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The 1.3 kb Eco Rl fragment of V27-5.4 comprises nucleotides 1 to 1274 of Figure No. 6. The insert DNA 
was large enough to encode the biggest peptides synthesized by this clone, but not the entire T. litoralis 
polymerase. 

* C. CONSTRUCTION AND SCREENING OF T. litoralis SECONDARY LIBRARIES 

Antibody screening discussed above, had identified the DNA fragment coding the amino terminal half of 
the T. litoralis polymerase. In order to find a fragment large enough to code for the entire gene, restriction digests 
of J. litoralis DNA were probed with the amino terminal half of the polymerase gene contained in clone V27-5.4. 

10 Restriction digests were performed in separate tubes using a master mix which contained 1.2 \ig of T. litoralis 
DNA in 39 uJ of restriction enzyme buffer (REB, restriction enzyme buffer = 50 mM NaCl, 10 mM Tris pH 7.5, 
20 mM MgCI2, 10 mM BME), to which 1.5-200 U of enzyme were added as followed: 1.5 U Avrll, 9 U Eael, 10 
U Nhel, 20 U Not!, 9 U Spe), 20 U Xhol, 30 U Xbal, 20 U Sad, 10 U BamHI, 20 U Cial, 20 U Hindlll, 20 U Pstl, 
12 U Nael, 10 U Seal, 12 U Xmn!, 20 U EcoRV, 20 U Sal, 20 U Eco Rl, 200 U Eagl, 20 U Dral. 5 U Hapl, 8 U 

15 Nrul, 4 U SnaBI, 8 U StuI, 10 U Bell, 8 U Bglll, 10 U Rsal, 10 U Haelll, 8 U Alul, 4 U Hincll, 10 U Pvull, 6 U 
Sspl. One uJ 10 mg/ml BSA was added to the Hincll digest Ball digest was prepared as above except there 
was 0 mM NaCl in the buffer. All digests were overnight at 37°C except Bell which was incubated at 50°C. Dig- 
ests were electrophoresed on agarose gels and transferred to NC (Southern, J. Mol. Biol, (1975) 98:503-517). 
The mers were probed with radiolabeled V27-5.4 DNA and hybridization was detected by autoradiography. In 

20 most digests, V27-5.4 DNA hybridized to fragments greater than 20 kb, except BamHI (approximately 14 kb), 
Eco Rl (1 .3 kb), Hindlll (approximately 2.4, 5.4 kb), Xbal (approximately 8 kb), Clal (approximately 4.4, 5.5 kb), 
Ball (approximately 8.5 kb), Hincll (approximately 2.1 , approximately 2.4 kb), Nrul (approximately 5.5 kb), Bglll 
(approximately 2.9 kb), Haelll (approximately 1.3, approximately 1.4 kb) and Rsal which gave numerous smail 
bands. 

25 Digests yielding single fragments large enough to encode the entire polymerase gene, estimated to be 2.4-3 
kb, based on the size of the native protein, were BamHI, Xbal, and Nml. 

BamHI Library. 

so A BamHI genomic library was constructed using lambda DashIL Lambda Dashll is a BamHI substitution 
vector that can be used to done 10-20 kb BamHI DNA fragments. 25-75 nanograms ofT. litoralis genomic DNA 
digested with BamHI, as described above, was ligated to 0.5 ug BamHI digested, calf intestine phosphatase 
treated lambda Dashll DNA in five uJ of standard ligation buffer including 0.5 ul T4 DNA (igase (New England 
Biolabs No. 202). Three ui of the ligation reaction was packaged (Gigapack Plus, Stratagene) as described 

35 above. Plaque lifts of 8,000 plaques from the lambda Dashll library were probed with labeled gel purified 1.3 
kb Eco Rl fragmentfrom clone V27-5.4 (Maniatis, et al., supra) . 2.5% of the phage hybridized to the 1 .3 kb Eco 
Rl DNA fragment, two of which were plaque purified (clones lambda NEB 619 and lambda V56-9). Both phage 
contained a 12-15 kb BamHI fragment which hybridized to the 1.3 kb Eco Rl fragment and contained the 
approximately 8 kb Xbal and approximately 5.5 kb Nrul fragments. The BamHI insert was subdoned into 

40 pBR322. Colonies containing this fragment grew very poorly and, based on the polymerase assay described 
above, failed to produce detectable levels of thermostable DNA polymerase. 

Xbal Library. 

45 T. litoralis DNA digested with Xbal was cloned into the Xbal site of pUC19. Colony lifts were probed with 
radiolabeled V27-5.4 DNA. No positive clones were detected. 

The Xbal fragment from the BamHI insert in lambda NEB 619 (BamHI library above) was subdoned into 
the Xbal site of pUC19. Approximately 0.3 ug of NEB 61 9 DNA digested with BamHI was ligated to 0.1 ug pUC19 
DNA digested with BamHI using two uJ T4 DNA ligase (New England Bidabs No. 202) in 20 ui of standard liga- 

so tion buffer. The ligation was incubated overnight at 16°C. CaCI competent JM101 and XL-1 cells were trans- 
formed with five uJ of ligation mix and incubated overnight at 37°C (Maniatis, et al., supra) . Cdony lifts were 
probed with radiolabeled purified 1 .3 kb Eco Rl fragment from V27-5.4 DNA. No positives were detected. Com- 
petent RRI cells were transformed with 10 uJ of ligation mix and incubated overnight at 30°C. Micro-oolonies 
were picked and mini-plasmid preparations (boiling method, Maniatis, et al., supra) analyzed. Most of these 

55 dones contained the approximately 8 kb Xbal fragment The rationale for this latter experiment was that since 
the BamHI clones grew poorly, there would be an increased chance of isolating a plasmid containing the T. 
litoralis polymerase gene from an Xbal colony that also grew slowly. Also, lower temperature of incubation 
results in less copies of pUC1 9 plasmids per cell. These results provided evidence that the T. litoralis poiymer- 
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ase gene was toxic to E. coli. Using the polymerase activity assay described above, no thermostable polymer- 
ase activity was detected in these clones. Restriction analysis indicated that the Xbal clones should contain 
the entire polymerase gene. See Figure No. 2. 

5 Nrul Libraries 

Approximately 0.3 ug of NEB 619 DNA (BamHI library above) cut with Nrul was ligated to 0.1 ug of pUC19 
DNA cut with Hindi exactly as described for the Xbal library. Again, no positives were found.by hybridization 
when cells were incubated at 37°C, but when transformants were incubated at 30°C, many micro-colonies were 

10 observed. The majority of these micro-colonies contained the approximately 5.5 kb Nrul insert Using the 
polymerase activity assay described above, no thermostable polymerase activity was detected in these col- 
onies. Analysis of these colonies determined that when the direction of T. litoralis polymerase transcription was 
the same as lacZ in pUC19, the colonies failed to grow at 37°C and were extremely unstable. However, colonies 
in which the direction of J. rrtoralls polymerase transcription was opposite of lacZ in pUC19, such as in clone 

15 Nru21 ( were more stable. This indicated that transcription of T. litoralis polymerase is detrimental to E. coli, 
and may explain why it was so difficult to clone the entire gene. Restriction mapping analysis indicated that the 
Nrul clones should contain the entire polymerase gene. See Figure No. 2. 

Conclusions Concerning Direct Cloning of the Polymerase 

20 

The T. litoralis is approximately 90-95 kDal which would require approximately 2.4-3.0 kb DNA to encode 
the entire gene. Restriction mapping analysis of the 1 .3 kb Eco Rl fragment, coding for the amino-terminus of 
the T. litoralis polymerase gene, found within the BamHI, Xbal and Nrul clones, discussed above, indicates 
that all three clones contain the entire polymerase gene. All of these larger clones were unstable in E. coll. 
25 Therefore, alternate methods, as discussed below, for cloning the polymerase were tested. 

D. CLONING THE SECOND HALF OF T. litoralis POLYMERASE GENE 

It is believed that when the entire T. litoralis polymerase gene was cloned in E. cdi while under its endogen- 
30 ous control, mutations in the gene arose. To prevent selection of inactive mutants, the polymerase gene was 
cloned from the T. litoralis genome in 2 or more pieces which should each separably be inactive and therefore 
not selected against Restriction mapping of the T. litoralis genome was used to determine which restriction 
enzymes would produce fragments that would be appropriate for cloning the second half of the T. litoralis 
polymerase gene. Although the above data indicates that expression of T. litoralis polymerase was toxic for E. 
35 coli, it was also possible that DNA sequences themselves, in or outside of the coding region, were toxic. There- 
fore, the minimum sized fragment which could encode the entire gene was determined to be the best choice. 
Restriction analysis indicated that there was an approximately 1.6 kb Eco Rl fragment adjacent to the 3' end 
of the amino terminal 1.3 kb Eco Rl fragment (see Figure No. 2) which could possibly complete the polymerase 
gene. 

40 

Hybridization probe for the second half of the T.litoralis DNA polymerase gene 



Since none of the previous clones expressed thermostable polymerase activity, it was possible that they 
had accumulated mutations in the coding sequence and would therefore not be suitable sources of the second 

45 half of the gene. Hybridization probes were therefore required in order to clone the downstream fragments from 
the genome. The approximately 3.2 kb Ndel/Clal fragment from clone Nru21 (the Nru21 clone contains an 
approximately 5.5 kb insert, beginning approximately 300 bp upstream from the start of the polymerase gene) 
was subdoned into pSP73 (Promega) creating clone NCil. CaCI competent RRI cells were transformed, as 
above, with the ligation mixture. Mini-plasmid preps of transformants were analyzed by digestion with Ndel and 

so Clal and clone NCI! containing the T. litoralis 3.2 kb Ndel/Clal fragment was identified. This clone was stable 
in E. cdi. The pNC11 insert was sequenced (Sanger, et ai., PNAS . (1977) 74:5463-5467). The Clal end was 
identical to the V27-5.4 sequence (1.3 kb Eco Rl fragment coding for the amino-terminus of the T. litoralis 
polymerase). The 1.3 kb Eco Rl junction and beyond was sequenced using primers derived from the 1.3 kb 
Eco Rl fragment sequence. The Ndel end was sequenced from primers within the vector. 

55 

Screening of Eco Rl Genomic Libraries 

10 ug of NC1 1 were digested with 30 U of Eco Rl in 100 ul of Eco Rl buffer at 37°C for two hours. The 
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approximately 1.6 kb Eco Rl fragment was purified on DE-81 paper (Whatman) after electrophoresis. The 
approximately 1 .6 kb Eco Rl fragment was radiolabeled and used to probe the original Eco Rl lambda gtfl library. 
Infection and plaque lifts were performed as above. Three positives were identified and plaque purified. All con- 
tain the approximately 1.6 kb Eco Rl fragment, but some also contain other inserts. 

An Eco Rl library was also constructed in lambda Zapll. 2 pg of T. litoralis DNA were digested with 20 U 
Eco Rl for five hours at 37°C in 20 ni Eco Rl buffer and then heat treated at 65°C for 1 5 minutes. Approximately 
15 nanograms of T. litoralis DNA/Eco Rl was ligated to 0.5 ng of Eco Rl cut, phosphatased lambda Zapll DNA 
(Stratagene) with 0.5 id T4 DNA ligase (New England Bioiabs No. 202) in 5 nl of ligation buffer at 1 6°C overnight 
4 of ligated DNA was packaged (GigaPack Gold. Stratagene). Infection and plaque lifts were performed as 
above. Approximately 1.500 phage were probed with radiolabeled approximately 1.6 kb Eco Rl fragment as 
above. Five hybridization positive plaques were picked and three were plaque purified. Two phage (NEB 620 
and V109-2) were rescued as pBIuescript recombinants (V1 17-1 and V1 17-2) by Inviyo excision according to 
the manufacturer's instructions (Stratagene). Both contained the approximately 1.6 kb Eco Rl fragment plus 
different second fragments. The 5' end was sequenced and corresponds to the sequence determined from 
NC1 1 (Clal/Ndel fragment). See Figure No. 2. This Eco Rl fragment contains 3/6 of the T4 DNA polymerase 
family homology islands as described by Wang, et al. p supra. The 1 .6 kb Eco Rl fragment comprises nucleotides 
1269 to 2856 of Rgure No. 6. 

The sequence of the 1 .6 kb Eco Rl and Clal/Ndel fragments indicated that the 1 .9 kb Eco Rl fragment may 
be necessary to complete the polymerase gene. Lambda Zapll phage, V1 10-1 through V1 10-7, containing the 
1 .9 kb Eco Rl fragment were identified as described above for NEB 620 using labeled probes. Two phage (V110- 
2 and V110-4) were rescued as pBIuescript recombinants (V153-2 and V1534) by in vivo excision according 
to the manufacturers instructions (Stratagene). Both contained the approximately 1.9 kb Eco Rl fragment plus 
different second fragments. The 1.9 kb Eco Rl fragment had sequence identity with the overlapping region in 
Nc11. The 1.9 kb Eco Rl fragment comprises nucleotides 2851 to 4771 of Rgure No. 6. 

The entire T. litoralis polymerase gene has been cloned as BamHI, Xbal and Nrul fragments which were 
unstable and from which the active enzyme was not detected. The gene has also been cloned in four pieces 
(1 .3 kb Eco Rl fragment, approximately 1 .6 kb Eco Rl fragment, approximately 1 .9 kb Eco Rl fragment and an 
Eco RI/BamHI fragment containing the stop codon). The 1.3 kb Eco Rl fragment stably expresses the amino 
terminal portion of the polymerase. 

Bacteriophage NEB620 was deposited under ATCC No. 40796 on 24th April 1990. 

EXAMPLE III 

CLONING OF ACTIVE T. LITORALIS DNA POLYMERASE 

The T. litoralis polymerase gene found on the 14 kb BamHI restriction fragment of bacteriophage NEB619 
(ATCC No. 40795), was sequenced using the method of Sanger, et al M PNAS (1977) 74:5463-5467. 5837 bp 
of continuous DNA sequence (SEQ ID NO:1) was deteimined beginning from the 5' end of the 1.3 kb EcoRI 
fragment (position NT 1), see Figure No. 6. 

From analysis of the DNA sequence, it was determined that the polymerase gene begins at NT 291 in the 
1 .3 kb EcoRI fragment A translation termination site beginning at NT 5397 was also located. Since the apparent 
molecular weight of T. litoralis polymerase was approximately 90-95 Kdal, it was predicted that the gene should 
be -2900 bp. Instead, a 51 06 bp open reading frame (ORF) was identified with a coding capacity of 1702 amino 
acids (aa) or ~1 85 Kdal. 

By sequence homology with other DNA polymerases, an example of which is set out in Figure No. 7, it 
was discovered that the T. litoralis polymerase gene was interrupted by an intron or intervening sequence in 
DNA polymerase consensus homology region III (Wang, T., et al. t FASEB Journal (1 989) 3:1 4-21 the disclosure 
of which is herein incorporated by reference). The conserved amino acids of the consensus DNA polymerase 
homology region III are shown in Figure No. 7. In the Figure, the conserved amino acids are underlined. As 
can be seen in Figure No. 7, the left side of the T. litoralis homology island III (SEQ ID NO:2) begins at NT 
1737, and homology to the consensus sequence is lost after the Asn and Ser residues. The right side of the 
T. Htoralis homology island III (SEQ ID NO:3) can be picked up at NT 3384, at the Asn and Ser residues. When 
the two J- litoralis polymerase amino acid sequences were positioned so that the Asn and Ser residues overlap, 
as in Figure No. 7, it was evident that a good match to the DNA polymerase homology region III existed. 

Using the homology data, it was therefore predicted that an intervening sequence existed in the T. litoralis 
DNA separating the left and right halves of the DNA polymerase homology region III. 

In one preferred embodiment, the intervening sequence was deleted by identifying unique restriction 
enzyme sites in the coding region which were near the intervening sequence splice junction. A synthetic duplex 
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oligonucleotide was synthesized, and used to bridge the gap between the two restriction fragments. A multi-part 
sequential ligation of the carboxy end restriction fragments, the bridging oligonucleotide, the amino end res- 
triction fragment, and the expression vector, resulted in the formation of an expression vector containing an 
intact polymerase gene with the intervening sequence deleted. 
5 Specifically, the DNA fragments or sequences used to construct the expression vector of the present inven- 

tion containing the T. litoralis DNA polymerase gene with the intervening sequence deleted were as follows: 

1 . An Ndel site was created by oligonucleotide directed mutagenesis (Kunkel, et al., Methods in Enzymol- 
ogy (1987) 154:367:382) in plasmid V27-5.4 (Example II, Part B) such that the initiation codon of the 
polymerase coding region is contained within the Ndel site. 

10 

Original sequence . . . atg 

(nucleotides 288-293) * " * 

1S New sequence . . . CAT ATS . . . 

Sequences from the newly created Ndel site to the Clal site (approximately 528 base pairs) were utilized 
in the construction of the expression vector. 

2. An approximately 899 bp sequence between the Clal and Pvul site of NC1 1 (Example II, Part D). 

20 3. A synthetic duplex which spans the intervening sequence, connecting Pvul and Bsu36l sites derived 

from other fragments, as set out in Figure No. 12. 

In Figure No. 12, the first line indicates the original sequence at the 5' end of the splice junction (nucleotides 
1721-1784, SEQ ID NO:1), the second line indicates the original sequence of the 3' end of the splice junction 
(nucleotides 3375-3415, SEQ ID NO:1), and the third and fourth lines indicate the sequence of the synthetic 
25 duplex oligonucleotide. 

4. A Bsu361 to BamHI fragment, approximately 2500 base pairs, derived from bacteriophage NEB 619 
(Example II, PartC). 

5. A BamHI to Ndel fragment of approximately 6200 base pairs representing the vector backbone, derived 
from pET11c (Studier, Methods in Enzymology, (1990) 185:66-89), and which includes: 

30 a) The T7 phi 1 0 promoter and ribosome binding site for the gene 10 protein 

b) Ampicillin resistance gene 

c) lacl« gene 

d) Plasmid origin of replication 

e) A four-fold repeat of the ribosoma! transcription terminators (rmb). Simons, et al., Gene (1987) 
35 53:85-96. 

The above DNA fragments, 1-5, were sequentially ligated under appropriate conditions using T4 DNA lig- 
ase. The correct construct was identified by restriction analysis and named pPR969. See Figure No. 8. pPR969 
was used to transform E. opji strain RRi, creating a strain designated NEB 687. A sample of NEB 687 was depo- 
sited with the American Type Culture Collection on December 7, 1990 and bears ATCC No. 68487. 

40 In another preferred embodiment, the T. litoralis polymerase gene, with the intervening sequence deleted, 

was cloned into a derivative of the Studier T7 RNA polymerase expression vector pET11c (Studier, (1990) 
supra) . The recombinant plasmid V174-1B1 was used to transform E. coli strain BL21(DE3)pLysS, creating 
strain 175-1B1, designated NEB671. See Figure Nos. 5 and 10. 

A sample of NEB671 was deposited with the American Type Culture Collection on October 17, 1990 and 

45 bears ATCC No. 68447. 

A comparison between the predicted and observed molecular weights of the polymerase, even with the 
intervening sequence deleted, revealed a discrepancy. The predicted molecular weight of the polymerase after 
removal of the Intervening sequence in region III is 1 32-kb, while the observed molecular weight of either the 
native (see Example I) or recombinant (see Example IV) polymerase is 95-kb. While not wishing to be bound 

so by theory, it is believed that the molecular weight discrepancy is due to an intron between homology regions I 
and III. This finding is based on the following observations: The distance between homology regions III and I 
varies from 15-135 amino acids in members of the pol alpha family (Wang, (1989) supra). In T. litoralis there 
are 407 amino acids or ~44~kD separating these regions. T. litoralis DNA polymerase is very similar to human 
pol alpha except for 360 amino acids between conserved homology regions I and III where no similartity exists. 

55 In addition, as determined by PAGE, a thermostable endonudease of approximately 35-kD is also pro- 
duced by the T. litoralis DNA polymerase clones of the present invention (see Example X). This endonudease 
was purified to homogeneity by standard ion exchange chromatography, and was sequenced at its amino-ter- 
minal. The first 30 amino acids of the endonudease correspond to the amino adds encoded beginning at nuc- 
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leotide 3534 of the polymerase done (SEQ ID NO:1). This corresponds to the portion of the polymerase which 
lacks homology with other known polymerases. This endonuciease does not react with anti-T. Ittoralis DNA 
polymerase antisera. While the exact mechanism by which the endonuciease is spliced out of the polymerise 
is unknown, it occurs spontaneously in both E. coH and T. litoralis . 

5 

EXAMPLE IV 

PURIFICATION OF RECOMBINANT T. UTORAUS DNA POLYMERASE 

10 E. cdi NEB671 (ATCC No. 68447) was grown in a 100 literfermentor in media containing 10 g/litertryptone, 
5 g/Iiter yeast extract, 5 g/Iiter NaCi and 100 mg/Iiter ampicillin at 35°C and induced with 0.3 mM IPTG at 
mkJexponential growth phase and incubated an additional 4 hours. The cells were harvested by centrifugation 
and stored at -70°C. 

580 grams of cells were thawed and suspended in Buffer A (100 mM Nad, 25 mM KP0 4 at pH 7.0, 0.1 
15 mM EDTA, 0.05% Triton X-100 and 1 0% glycerol) to a total volume of 2400 ml. The ceils were lysed by passage 
through a Gaulin homogenizer. The crude extract was clarified by centrifugation. The clarified crude extract 
volume was adjusted to 2200 mis with the above buffer and was heated to 75°C for 30 minutes. The particulate 
Material was removed by centrifugation and the remaining supernatant contained about 3120 mg of soluble 
protein. 

70 The supernatant was applied to a DEAE-sepharose column (5 X 1 3 cm; 255 ml bed volume) linked in series 
to a phosphoceiluiose column (5 X 11 cm; 216 ml bed volume). The DEAE-sepharose flow-through fraction, 
containing the bulk of the enzyme, passed immediately onto the phosphoceiluiose column. Both columns were 
washed wfth 300 mis Buffer A, the two columns were disconnected, and the protein on the phosphoceiluiose 
column was eluted with a 2 liter linear gradient of NaCI from 0.1 M to 1 M formed in Buffer A. 

25 The column fractions were assayed for DNA polymerase activity. Briefly, 1-4 ul of fractions were incubated 
for 5-1 0 minutes at 75°C in 50 ul of 1X T. litoralis DNA polymerase buffer (10 mM KCI, 20 mM Tris-HCl (ph 8.8 
at 24°C), 1 0 mM (NHOaSO* 2 mM MgS0 4 and 0,1 % Triton X-100) containing 30 uM each dNTP and ^H-labeled 
TTP, 0.2 mg/mi activated catf thymus DNA and 1 00 ug/ml acetylated BSA. The mixtures were applied to What- 
man 3 mm filters and the filters were subjected to three washes of 10% TCA followed by two washes of cold 

30 ethanol. After drying of the filters, bound radioactivity representing incorporation of 3 H-TTP into the DNA was 
measured. The active fractions were pooled and the enzyme activity levels in each pool were assessed using 
the above assay conditions except the dNTP level was raised to 200 uM each dNTP. Under these conditions 
one unit of enzyme activity was defined as the amount of enzyme that will incorporate 1 0 nmoles of dNTP into 
acid-insoluble material at75°C in 30 minutes. 

35 The active fractions comprising a 300 ml volume containing 66 mg protein, were applied to a hydroxyiapatite 
column (2.5 X 5 cm; 25 ml bed volume) equilibrated with Buffer B (400 mM NaCI, 10 mM KP0 4 at pH 7.0, 0.1 
mM EDTA. 0.05% Triton X-1 00 and 1 0% glycerol). The protein was eluted with a 250 ml linear gradient of KP0 4 
from 1 0 mM to 500 mM formed in Buffer B. The active fractions, comprising a 59 ml volume containing 27 mg 
protein, was pooled and dialyzed against Buffer C (200 mM NaCI, 10 mM Tris-HCl at pH 7.5, 0.1 mM EDTA, 

40 0.05% Triton X-100 and 10% glycerol). 

The dialysate was applied to a heparin-sepharose column (1 .4 X 4 cm; 6 ml bed volume) and washed with 
20 ml Buffer C. A 100 m! linear gradient of NaCI from 200 mM to 700 mM formed in Buffer C was applied to 
the column. The active fractions, comprising a 40 ml volume containing 16 mg protein was pooled and dialyzed 
against Buffer C. 

45 The dialysate was applied to an AfR-gel Blue chromatography column (1.4 X 4 cm; 6 ml bed volume), 
washed with 20 mis Buffer C, and the protein was eluted with a 95 ml linear gradient from 0.2 M to 2 M NaCI 
formed in Buffer C. The active fractions, comprising a 30 ml volume containing 1 1 mg of protein, was dialyzed 
against a storage buffer containing 200 mM KCI, 10 mM Tris-HCl (pH 7.4), 1 mM DTT, 0.1 mM EDTA, 0.1% 
Trfton X-100, 100 ug/ml BSA and 50% glycerol. 

so The T. litoralis DNA polymerase obtained above had a specific activity of 20,000-40,000 untts/mg. 

Characterization of recombinant T. litoralis polymerase 

Recombinant and native T. litoralis polymerase had the same apparent molecular weight when electrophor- 
55 esed in 5- 10% SDS-PAGE gradient gels. Recombinant T. litoralis polymerase maintains the heat stability of 
the native enzyme. Recombinant T. litoralis polymerase has the same 3'— >5' exonuclease activity as native 
T. litoralis polymerase, which is also sensitive to inhibition by dNTPs. 
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EXAMPLE V 

OVER-EXPRESSION OF THE THERMOCOCCUS LITORALIS DNA POLYMERASE GENE 

5 The T. litoralis DNA polymerase gene, with the intron deleted, e.g., V1 74-1 B1 obtained in Example III, may 
be used in a number of approaches, or combinations thereof, to obtain maximum expression of the cloned T. 
litoralis DNA polymerase. 

One such approach comprises separating the T. litoralis DNA polymerase gene from Hs endogenous con- 
trol elements and then operably linking the polymerase gene to a very tightly controlled promoter such as a T7 
10 expression vector (Rosenberg, et al. ( Gene (1 987) 56:125-1 35). Insertion of the strong promoter may be accom- 
plished by identifying convenient restriction targets near both ends of the T. litoralis DNA polymerase gene and 
compatible restriction targets on the vector near the promoter, or generating restriction targets using site direc- 
ted mutagenesis (Kunkel, (1 984), supra) , and transferring the T. litoralis DNA polymerase gene into the vector 
in such an orientation as to be under transcriptional and translational control of the strong promoter. 
15 T. litoralis DNA polymerase may also be overexpressed by utilizing a strong ribosome binding site placed 
upstream of the T. litoralis DNA polymerase gene to increase expression of the gene. See. Shine and Dalgamo, 
Proc Natl. Acad. Sci. USA (1974) 71:1342-1346, which is hereby incorporated by reference. 

Another approach for increasing expression of the T. litoralis DNA polymerase gene comprises altering the 
DNA sequence of the gene by site directed mutagenesis or resynthesis to contain initiation codons that are 
20 more efficiently utiized than E. coli . 

Finally, T. litoralis DNA polymerase may be more stable in eukaryote systems like yeast and Baculovirus. 

The T. litoralis DNA polymerase may be produced from clones carrying the T. litoralis DNA polymerase 
gene by propagation in a fermentor in a rich medium containing appropriate antibiotics. Cells are thereafter har- 
vested by centrifugation and disrupted by sonication to produce a crude cell extract containing the T. litoralis 
25 DNA polymerase activity. ~~ 

The crude extract containing the T. litoralis DNA polymerase activity is purified by the method described 
in Example I, or by standard product purification techniques such as affinity-chromatography, or ion-exchange 
chromatography. 

30 EXAMPLE VI 

PRODUCTION OF A T. UTORAUS DNA POLYERMASE 3' TO 5'EXONUCLEASE MUTANT 

A J. litoralis DNA polymerase lacking 3' to 5' exonuclease activity was constructed using site-directed 
35 mutagenesis to alter the codons for aspl 41 and glu143 to code for alanine. Site-directed mutagenesis has been 
used to create DNA polymerase variants which are reported to have reduced exonuclease activity, including 
phi29 (Cell (1989) 59:219-228 ) DNA polymerase I (Science (1988) 240:199-201) and T7 DNA polymerases 
(U.S. Patent No. 4,942,1 30). 

Site-directed mutagenesis of the polymerase of the present invention was accomplished using a modifi- 
40 cation of the technique described by Kunkel, T.A., PNAS (1985) 82:488-492, the disclosure of which is herein 
incorporated by reference. The V27-5.4 plasmid (see Example 2, Part B) was used to construct the site-directed 
mutants. V27r5.4 encodes the 1.3 kb EcoRI fragment in pBluescript SK+. E. coli strain CJ236 (Kunkel, et a!., 
Methods in Enzymdogy (1 987) 154:367-382), a strain that incorporates deoxyuracil in place of deoxythymidine, 
containing the V27-5.4 plasmid was superinfected with the f1 helper phage IR1 (Virology , (1 982) 122:222-226) 
45 to produce single stranded versions of the plasmid. 

Briefly, the site-directed mutants were constructed using the following approach. First, a mutant oligonuc- 
leotide primer, 35 bases in length, was synthesized using standard procedures. The oligonucleotide was hyb- 
ridized to the single-stranded template. After hybridization the oligonucleotide was extended using T4 DNA 
polymerase. The resulting double-stranded DNA was converted to a closed circular dsDNA by treatment with 
so T4 DNA ligase. Piasmids containing the sought after mutations were identified by virtue of the creation of a 
Pvul site overlapping the changed bases, as set out below. One such plasmid was identified and named pAJG2. 
The original and revised sequences for amino acid residues are 141, 142, and 143: 
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- . asp ile glu 
Original: - • GA * ^ GAA 



5 

• . ala ile ala 
Altered: • * GCG ATC gca 

The newly created Pvul site, used to screen for the alteration, is underiined. Note that the middle codon was 

10 changed but that the amino acid encoded by this new codon is the same as the previous one. 

An approximately 120 bp Clal to Ncol fragment from V174-1B1 (see Example III) was replaced by the cor- 
responding fragment bearing the above substitutions from pAJG2, creating pCAS4 (see Figure No. 9). pCAS4 
thus differs from V174-1B1 by 4 base pairs, namely those described above. 

E.£0jiBL21 (DE3)plysS (Methods in Enzvmoloov. (19901 185:60-89) was toncfhrmAH with pnAQ^ 

15 mg strain NEB681 . Expression of the mutant T. Htoralis polymerase was induced by addition of IPTG. 

A sample of NEB681 has been deposited with the American Type Culture Collection on November 8 1990 
and bears ATCC No. 68473. 

Relative exonuciease activities in the native T. Iftoralis DNA polymerase and the exonuclease minus variant 
isolated from E. poli NEB681 was determined using a uniformly PH] labeled E. cdi DNA substrate. Wild type 

2D T. litoraJfe DNA pdyermase was from a highly purified lot currently sold by New England Bidabs, Inc. The 
exonuclease minus variant was partially purified through DEAE sepharaose and phosphocetlulose columns to 
remove contaminants which interfered with the exonuclease assays. The indicated number of units of polyer- 
mase were added to a 0.1 ml reaction containing T. Htoralis DNA polymerase buffer [20 mM Tris-Hcl (pH8.8 at 
25°C), 10 mM KCI, 10 mM (NH*)^, 5 mM MgS0 4 , 0,1% Triton X-100], 0.1 mg/mi bovine serum albumin, 

25 and 3 ug/ml DNA substrate (specific activity 200,000 cpum/ug) and the reaction was overlaid with mineral on 
to prevent evaporation of the reaction. Identical reactions contained in addition 20 jxM dNTP, previously shown 
to inhibit the exonuclease activity of the wild type enzyme. The complete reaction mixture was incubated at 
70°C for 60 minutes, following which 0.08 ml was removed and mixed with 0.02 ml 0.5 mg/ml sonicated herring 
sperm DNA (to aid in precipitation of intact DNA) and 0.2 ml of 10% trichloroacetic acid at 4°C. After mixing, 

30 the reaction was incubated on ice for 5 minutes, and the DNA then pelleted at 4°C for 5 minutes in an Eppendorf 
centrifuge. 0.25 ml of supernatant was mixed with scintillation fluid and counted. The results of the sample 
counting, corrected for background, are shown in Figure No. 11. 

As illustrated in Figure No. 1 1 , the exonuclease minus variant was substantially free of exonuclease activity 
in the presence or absence of dNTPs under conditions where the native polymerase clearly demonstrated 

35 exonuciease activity. Conservatively estimating that a level of activity two-fold above background could have 
been detected, this implies that the exonuclease activity is decreased at least 60-fold in this variant 

EXAMPLE VII 

40 T. UTORAUS DNA POLYMERASE HALF-LIFE DETERMINATION 

The thetmostablity or half-life of the T. Htoralis DNA polymerase purified as described above in Example 
1 was determined by the following method. Purified T. litorafis DNA polymerase (25 units) was preincubated 
at 100*C in the following buffer: 70 mM tris-HCI (pH 8.8 at 25°C), 17 mM ammonium sulfate, 7 mM MgCfe, 10 
45 mM beta-mercaptoethanol, 200 nM each deoxynucleotide and 200 ug/ml DNAse-treated DNA. An initial sample 
was taken at time zero and a small aliquot equivalent to 5% of the enzyme mixture was removed at 10, 20, 40, 
60, 90, 120, 150, and 180 minutes. The polymerase activity was measured by determining incorporation of 
deoxynudeotide into DNA as described previously. 

A sample of Taq DNA polymerase obtained from New England Biolabs was subjected to the above assay. 
so An initial sample was taken at time zero and a small aliquot equivalent to 5% of the enzyme mixture was 
removed at 4, 7, and 10 minutes. As shown in the Figure No. 3, the half-life of the T. literal is DNA polymerase 
at 100°C was 60 minutes, while the half-life of the Taq polymerase at 100°C was 4.5 minutes. 

As shown in Figure No. 3, the half-life of T. Iftoralis DNA polymerase at 100°C in the absence of stabilizers 
was 60 minutes, whie in the presence of the stabilizers TRITON X-100 (0.15%) or BSA (100ng/ml) the half-Jife 
55 was 95 minutes. This was in stark contrast to the half-life of Taq DNA polymerases at 1 00°C, which in the pre- 
sence or absence of stabilizers was 4.5 minutes (Figure Na 3). 
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EXAMPLE VIII 

DETERMINATION OF 3'-5' PROOFREADING ACTIVITY 

1. Response of T- litoralis DNA Polymerase to the Absence or Presence of Peoxynucleotides. 

The levels of exonuclease activities associated with polymerases show very different responses to 
deoxynucleotid es. Nonproofreading 5'-3' exonucleases are stimulated tenfold or greater by concomitant polym- 
erization afforded by the presence of deoxynucleotides, while proofreading 3 f -5' exonucleases are inhibited 
completely by concomitant polymerization. Lehman, I.R. ARB (1967) 36:645. 

The T. litoralis DNA polymerase or polymerases with well-characterized exonuclease functions (T4 
Polymerase, Klenow fragment) were incubated with 1 ug ^-thymidine-labeJed double-stranded DNA (10 s 
CPM/ug) In polymerization buffer (70 mM tris (pH 8.8 at24°C) f 2 mM MgCI 2 , 0,1% Triton and 100 ug/ml bovine 
serum albumin). After an incubation period of three hours (experiment 1) or four hours (experiment 2) at either 
70°C (thermophilic polymerases) or37°C (mesophaic polymerases), the exonudease-hydrolyzed bases were 
quantified by measuring the acid-soluble radioactiveiy-labeled bases. 

As shown in Table 1, the Taq DNA polymerase, with its 5'-3' exonuclease activity, shows stonulation of 
exonuclease activity when deoxynucleotides were present at 30 uM. However, polymerases with 3'-5' proof- 
reading exonuclease activities, such as the T4 polymerase, Klenow fragment of E. coli polymerase 1, or the 
I- litoralis DNA polymerase showed the reverse, an inhibitory response to the presence of deoxynucleotides. 
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The similarity of responses to the presence or absence of deoxynucleotides of the T. litoralis DNA polymer- 
ase and the well-characterized Klenow fragment of the E. poli DNA polymerase is further shown in Figure No. 
4. Twenty units of either polymerase was incubated with 9 ug 3 H-thymrdine-labeled double-stranded DNA (1 0 5 
CPM/ug) in 350 uJ polymerization buffer as described above in the presence, or absence of, 30 u,M deoxynuc- 
s leotides. At each time point, 50 uJ was removed and the level of acid-soluble radioactively-labeled bases were 
measured. As Figure No. 4 documents, the behavior of T. litoralis DNA polymerase and the Klenow fragment 
of & £S£1 DNA polymerase, which contains a well-characterized 3'-5' proofreading exonuclease activity, are 
very similar. 

fo 2. Response of T. litoralis DNA Polymerase to Increasing Deoxynucleotide Concentrations. 

Exonuclease activities of polymerases are affected by the level of deoxynucleotides present during polym- 
erization, in as much as these levels affect polymerization. As deoxynucleotide levels are increased towards 
the Km (Michaelis constant) of the enzyme, the rate of polymerization is increased. For exonuclease functions 
15 of polymerases sensitive to the rate of polymerization, changes in exonuclease activity are parallel with 
increases in deoxynucleotide concentrations. The increase in polymerization rate drastically decreases proof- 
reading 3'-5' exonuclease activity with a concomitant increase in polymerization-dependent 5'-3' exonuclease 
activity. 

The exonuclease function of the T. litoralis DNA polymerase was compared to those of well-characterized 
20 exonuclease functions of other polymerases as the deoxynucleotide concentration was increased from 1 0 uM 
to 1 00 uM. The exonuclease activity was measured as described in (1)with an incubation period of 30 minutes. 
As summarized in Table 2, the T. litoralis DNA polymerase responded to increases in deoxynucleotide levels 
similarly to a polymerase known to possess a 3'-5' proofreading exonuclease {Klenow fragment of E. coli DNA 
Pol. I). This response was in contradiction to that of a polymerase known not to possess this proofreading func- 
25 tion, Taq DNA polymerase. This polymerase responded to an increase In deoxynucleotide levels with an 
increase in exonuclease function due to its 5'-3' exonuclease activity. 

3. Response of T. litoralis DNA Polymerase to Alteration from a Balanced Deoxynucleotide State to an 
Unbalanced State. 

30 

Polymerization is dependent on equal levels of all four deoxynucleotides present during DNA synthesis. If 
the deoxynucleotide levels are not equal, polymerases have decreased polymerization rates and are more likely 
to insert incorrect bases. Such conditions greatly increase proofreading 3'-5' exonuclease activities while dec- 
reasing 5'-3' exonuclease activities. Lehman, I.R., ARB (1967) 36:645. 
35 The T. litoralis DNA polymerase was incubated with both balanced deoxynucleotide levels (30 uM) and 

two levels of imbalance characterized by dCTP present at 
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1/1 0 or 1/100 the level of the other three deoxynucleotides. The response of the T. literal is DNA polymerase 
was then compared to that of three polymerases possessing either the 3'-5' or the 5'-3' exonuolease functions. 
All assays were performed as described in (1) except for dCTP concentrations listed below. As seen in Table 
3 below, the T. litoralis DNA polymerase follows the expected behavior for a proofreading 3'-5' exonudease- 
containing polymerase; an imbalance in deoxynucleotide pools increased the exonuolease activity in a similar 
manner as that of the proofreading polymerases of T4 DNA polymerase or Wenow fragment of E. coli DNA 
polymerase I. In contrast to this response, the exonuolease of the Taq DNA polymerase was not affected unto 
the imbalance was heightened to the point that polymerization was inhibited. 

4. Directionality of Exonudease Activity 

A proofreading exonudease has a 3'-5' directionality on DNA while nonproofreading exonudease 
associated with DNA polymerases have a 5'-3' directionality. To discern the direction of the exonudease activity 
of T. litoralis DNA polymerase, the 5' blocked DNA of adenovirus was utilized. Since the 5' end of this DNA is 
blocked by protein, enzymic activities that are 5'-3' in directionality cannot digest this double-stranded DNA; 
however, enzymic activities that are 3'-5' f such as exonudease III or proofreading exonudease-containing 
polymerases, can digest adenovirus DNA. 

Twenty^flve units of exonudease III or 20 units of either T. litoralis DNA polymerase, T4 DNA pdymerase 
(possessing a well characterized 3'-5' exonudease 
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activity), or Taq DNA polymerase (lacking such an activity) were incubated with 5 ng adenovirus DNA for time 
periods up to 30 minutes duration at either 37°C (T4 polymerase and exonuciease HI) or 70°C (Taq polymerase 
and T. Htoralis polymerase) in the presence of 70 mM tris-HCI pH 8.8 at 25°C. 2 mM MgCfe and 100 jig/ml BSA. 
At the end of each incubation tome period, enzymic activity was stopped by phenol extraction of the adenovirus 
5 DNA, followed by Hpal digestion for one hour at 37°C in 20 mM tris, pH 7.9 at 25°C, 1 0 mM Magnesium acetate 
50 mM potassium acetate and 1 mM DTT. The DNA fragments were subjected to agarose gel electrophoresis 
and the resulting pattern of time-dependent degradation and subsequent loss of double-stranded DNA frag- 
ments were assessed. 

The 3'-5' exonuciease activities of exonuciease III, of T. iitoraiis DNA polymerase and T4 DNA polymerase 
10 caused the disappearance of the double-strand DNA fragments originating from the 5' blocked end of the 
adenovirus DNA, indicating vulnerability of its 3' end. In contrast the Taq DNA polymerase with its 5'-3' 
polymerization-dependent exonuciease activity, showed no disappearance of the DNA fragment 

EXAMPLE IX 

15 

PERFORMANCE OF T. Iitoraiis DNA POLYMERASE IN THE PCR PROCESS 

The ability of the T. iitoraiis DNA polymerase to perform the polymerase chain reaction (PCR) was also 
examined. In 100 ui volumes containing the buffer described in Example iV, varying amounts of M13mp18 DNA 

20 cut by Clal digestion, generating 2 fragments of 4355 bp and 2895 bp, were incubated with 200 ng of calf thymus 
DNA present as carrier DNA to decrease any nonspecific adsorption effects. The forward and reverse primers 
were present at 1 uM (forward primer = 5'd(CCAGCAAG GCCGATAGTTTG AGTT)3' and the reverse primer = 
5' d(CGCCAGGGTTTTCCCAGTCACGAC)3'). These primers flank a 1 kb DNA sequence on the 4355 bp frag- 
ment described above, with the sequence representing 14% of the total M1 3mp1 8 DNA. Also present were 200 

25 uM each dNTP, 1 00 ug/ml BSA, 1 0% DMSO and 2.5 units of either T. aquaticus DNA polymerase (in the pre- 
sence or absence of 0.5% NP40 and 0.05% Tween 20), or T. Iitoraiis DNA polymerase (in the presence or abs- 
ence of 0.10% Triton X-100). The initial cycle consisted of 5 min at 95°C, 5 min at 50°C (during which 
polymerase and BSA additions were made) and 5 min at 70°C. The segments of each subsequent PCR cycle 
were the following: 1 min at 93*C, 1 min at 50°C and 5 min at 70°C. After 0, 1 3, 23 and 40 cycles, 20 uJ amounts 

30 of 1 00 jd volumes were removed and subjected to agarose gel electrophoresis with ethidium bromide present 
to quantitate the amplification of the 1 kb DNA sequence. 

Initial experiments with this target DNA sequence present at 28 ng and 2.8 ng established the abiity of the 
T. Iitoraiis DNA polymerase to catalyze the polymerase chain reaction; yields were comparable or not more 
than twofold greater than the seen with T. aquaticus DNA polymerase. 

35 However, it was at the lower levels of target DNA sequence, 2.8femtograms, that differences in polymerase 

function were most apparent Under these conditions requiring maximal polymerase stability and/or efficiency 
at elongation of DNA during each cycle.the T. Iitoraiis DNA polymerase produced greater than fourfold more 
amplified DNA than that of T. aquaticus DNA polymerase within 23 cycles. 

This ability to amplify very small amounts of DNA with fewer cycles is important for many applications of 

40 PCR since employing large cycle numbers for amplification is associated with the generation of undesirable 
artifacts during the PCR process. 

EXAMPLE X 

45 PURIFICATION OF RECOMBINANT T. UTORAUS INTRON-ENCODED ENDONUCLEASE 

E. co[i NEB671 (ATCC No. 68447), grown as described in Example IV, were thawed (70 grams) and sus- 
pended in Buffer A containing 200 ug of lysozyme per ml to a final volume of 300 ml. The mixture was incubated 
at 37°C for 2 minutes and then 75 6 C for 30 minutes. The heated mixture was centrifuged at 22,000 x g for 30 

50 minutes and the supernatant was collected for further purification of the thermostable endonuclease. Since all 
of the nucleases from E. coli were inactivated by the heat treatment, the preparation at this stage could be used 
for characterization of the intron-encoded endonuclease. To separate this enzyme from the recombinant T. 
Iitoraiis DNA polymerase also present in the 75°C supernatant solution, the solution was passed through a 
DEAE-sepharose column (5 cm x 5 cm, 100 ml bed volume) and washed with 200 ml of Buffer A. Essentially 

55 all of the DNA polymerase activity passes through the column while the endonuclease activity sticks. The 
endonuclease activity was eluted with a one liter linear gradient of NaCI from 0.1 M to 0.8 M formed in Buffer 
A. The endonuclease activity eluted at about 0.4 M NaCI, and was assayed in a buffer containing 10 mM KCJ, 
20 mM Tris-HCI (pH 8.8 at 24°C), 10 mM (NH4) 4 S0 4 , 10 mM MgS0 4l 0.1% Triton X-100 and 1 ng of pBR322 
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DNA per 0.05 mi of reaction mixture. The reaction mixture was incubated at 75°C and the extent of DNA cleav- 
age was determined by agarose ge! electrophoreses At lower temperatures little or no endonuclease activity 
was detected. The tubes containing the peak activity were pooled, dialyzed overnight against Buffer A and then 
applied to phosphoceliulose column (2.5 cm x 6.5 cm, 32 ml bed volume), washed with Buffer A and the 

5 endonuclease activity eluted with a linear gradient of NaCI from 0.1 M to 1.5 M formed in Buffer A. The enzyme 
eluted at about 0.8 M NaCI. Active fractions were pooled and dialyzed overnight against Buffer A and then pas- 
sed through a HPLC Mono-S column (Pharmacia) and eluted with a linear gradient of NaCI from 0.05 M to 1.0 
M. The" activity eluted as a single peak and was homogeneous by SDS-PAGE: a single 33-37 kd band was 
detected by Commasie blue staining and when this band was eluted from the gel and renatured it contained 

10 the only endonuclease activity detected on the gel. 

The enzyme has preferred cutting sites on various DNAs. There are several fast cutting sites on lambda 
DNA and many slow sites. On the plasmid pBR322 the enzyme cuts three sites rapidly and a few other sites 
slowly on prolonged incubation. Two of the rapid sites on pBR322 have been sequenced: 
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Site at: position 164: 



5' TTGGTTATGCCGGTAC V TGCCGGCCTCTT 3' 
20 3' AACCAATACGGC A CATGACGGCCGGAGAA 5' 



Site at position 2411: 

5' TTGAGTGAGCTGATAC V CGCTCGCCGCAG 3' 
3' AACTCACTCGAC A TATGGCGAGCGGCGTC 5' 

Thus, the endonuclease from T. Itoralis resembles other intron-encoded endonudeases reported from 
yeast in that their is a four base 3' extension at the cut site. 

The thermostable endonuclease of the present invention can be used in genetic manipulation techniques 
where such activity is desired. 

35 

Claims 

1. A purified thermostable enzyme obtainable from Thermococcus [itoralis which catalyzes the polymerization 
40 of DNA. 

Z The thermostable enzyme of claim 1 , having a molecular weight of about 90,000 to 95,000 daltons. 

3. The thermostable enzyme of claim 1 , having a 3'-5' exonudease activity. 

45 

4. The thermostable enzyme of claim 3, wherein the 3'-5' exonudease activity is inactivated. 

5- The thermostable enzyme of daim 4, wherein said enzyme is obtainable from E. coli NEB 681. 

so 6. The thermostable enzyme of daim 1 ( having a half life of about 60 minutes at 1 00°C in the absence of a 
stabiizer. 

7. The thermostable enzyme of daim 1 , having a half life of about 95 minutes at 1 00°C in the presence of a 
stabiizer. 



8. The thermostable enzyme of daim 7, wherein said stabilizer is a nonionic-deteigent 

9. The thermostable enzyme of daim 8, wherein said nonionic-detergent is selected from the group consisting 
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of octoxynol, polyoxyethylated sorbitan monolaurate and ethoxylated nonyl phenol. 

10. The thermostable enzyme of claim 7, wherein said stabOizer is a protein. 

5 11. The thermostable enzyme of claim 10, wherein said protein is selected from the group consisting of Bovine 
Serum Albumin and gelatin. 

12. An isolated DNA sequence coding for the amino-terminal portion of a thermostable enzyme obtainable from 
Thermococcus litoralis . 

10 

13. The isolated DNA sequence of claim 12, wherein the isolated DNA sequence is about 1 .3 kb in length. 

14. The isolated DNA sequence of claim 13, wherein the isolated DNA comprises nucleotides 1 to 1274 of Fig- 
ure No. 6. 

15 

15. A vector containing the isolated DNA sequence of claim 13. 

16. The vector of claim 15, wherein such vector is bacteriophage NEB 618. 

20 1 7. An isolated DNA sequence coding for the intermediate portion of a thermostable enzyme obtainable from 
Thermococcus litoralis . 

18. The isolated DNA sequence of claim 17, wherein the isolated DNA sequence is about 1.6 kb in length. 

25 19. The isolated DNA sequence of claim 18, wherein the isolated DNA comprises nucleotides 1269 to 2856 
of Figure No. 6. 

20. A vector containing the isolated DNA sequence of claim 19. 

30 21. The vector of claim 20, wherein such vector is bacteriophage NEB 620. 

22. An isolated DNA sequence coding for the carboxyl-terminai of a thermostable enzyme obtainable from 
Thermococcus litoralis . 

35 23. The isolated DNA sequence of claim 22, wherein the isolated DNA is about 1 .9 kb in length. 

24. The isolated DNA sequence of claim 23, wherein the isolated DNA comprises nucleotides 2851 to 4771 
of Figure No. 6. 

40 25. A vector containing the isolated DNA sequence of claim 23. 

26. The vector of claim 25, wherein such vector is plasmid V153-2. 

27. A vector comprising the isolated DNA sequence of claim 13 operably linked in the proper reading frame 
45 with the isolated DNA sequence of claim 17 to produce Thermococcus litoralis DNA polymerase or a portion 

thereof. 

28. The vector of claim 27, further comprising the isolated DNA sequence of claim 23 operably linked in the 
proper reading frame to produce Thermococcus litoralis DNA polymerase or a portion thereof. 

50 

29. An isolated DNA sequence which codes for the thermostable enzyme of claim 1. 

30. A vector containing the DNA sequence of claim 29. 

55 31. A microbial host transformed by the vector of claim 30. 

32. An isolated DNA sequence according to claim 29 contained within an approximately 14 kb BamHI restriction 
fragment of bacteriophage NEB 61 9. 
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33. The isolated DNA sequence of claim 29. comprising the DISIA sequence of Figure No. 6. 

34. The isolated DNA sequence of claim 33, wherein nucleotides 1776 to 3389 have been deleted. 

5 35. An isolated DNA sequence according to claim 29, comprising an approximately 4 kb BamHI/Ndel restriction 
fragment of plasmid pPR969. 

36. A vector containing the DNA of claim 33. 

10 37. A vector containing the DNA of claim 34. 

38. The vector of claim 37, wherein said vector is plasmid V174-1B1. 

39. The vector of claim 37, wherein said vector is plasmid pPR969. 

15 

40. A microbial host transformed with the vector of claim 38 or claim 39. 

41. The transformant of claim 40, wherein said transfbrmant is E. coli NEB 671 (ATCC 68447). 
20 42. The transformant of claim 40, wherein said transfbimant is E. coli NEB687 (ATCC 68487). 

43. A process for the preparation of Thermococcus litoralis DNA polymerase comprising culturing the trans- 
formed microbial host of any of the claims 40, 41, or 42 under conditions suitable for the expression of Ther- 
mococcus litoralis DNA polymerase and recovering Thermococcus litoralis DNA polymerase. 

25 

44. Thermococcus litoralis DNA polymerase produced by the process of claim 43. 

45. A method for producing Thermococcus litoralis DNA polymerase comprising the steps of 

(a) purifying total DNA from Thenrrococcus litoralis; 
30 (b) isolating DNA from the total DNA of step (a) which codes for the DNA polymerase; 

(c) removing an intervening DNA from said isolated DNA of step (b); 

(d) ligating the DNA of step (c) into an appropriate vector, 

(e) transforming a host with the vector of step (d); 

(f) cultivating the transformed host of step (e) under conditions suitable for expression of the T. 
35 litoralis DNA polymerase; ~ 

(g) recovering the Thermococcus litoralis DNA polymerase. 

46. The method of claim 45, wherein the isolated DNA comprises the DNA of Figure No. 6. 

40 47. The method of claim 44, wherein the intervening DNA is removed via a splice junction, said splice junction 
spanning from about nucleotides 1761-1 775 and 3384-3392 of Figure No. 6, whereby a concensus region 
corresponding to concensus region III of Figure No. 8 is formed. 

48. The method of claim 47, wherein the intervening DNA comprises nucleotides 1776 to 3389 of Figure No. 6. 

45 

49. A thermostable endonuclease obtainable from Thermococcus litoralis which cleaves double-stranded 
deoxynucleotide acid pBR322 at position 164 and position 2411. 

50. The thermostable endonuclease of claim 49, having a molecular weight of about 33,000-37,000 daltons. 

so 

51. The isolated DNA of claim 33, which further codes for the thermostable endonuclease of claim 49. 

52. The isolated DNA of claim 51 , wherein the coding sequence for the endonuclease starts at nucleotide 3534. 

55 53, The vector of claim 30, wherein such vector is bacteriophage NEB61 9 (ATCC 40795). 

54. A microbial host transformed with the vector pCAS4 f wherein said transformant is E.Coli NEB681 (ATCC 
68473). 4 

28 



EP0455430 A2 



Fig. 1A. SDS-Polyacrylamide Gel of Purified 
T. litoralis DNA Polymerase 
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Lane 2: Purified T. litoralis DNA Polymerase 
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SIZE DETERMINATION OF T.litorolis DNA POLYMERASE 

FUNCTIONS 

FIG. IB 
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O THERMOCOCCUS litoralis 




MINUTES AT 100° C 



THERMAL STABILITIES OF DNA POLYMERASES 

FIG.3 
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DNA POLYMERASE S : ( • ) KLENOW FRAGMENT OF E.coli 

(A) T. litorolis 
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GaarroooGA Taaaarccar tttcttoctc caTTTTrcaa Tracaaaaac GraascaaxsA eo 

©xaaaocro togoocttic tctctochtc oogcomooc Tcrxaaaaac Tcicrocaaa 120 

GCaTTTTTTG KFGaaaGCTC AOGCTOCTCT aiGMGCTCA CTMMCTGC aaTGRCTTOG 180 

TGaaGGom TTCTaraGaa caacTccaro aiTTTOGairr tggbtggggg TnraaaarT 240 

TOGOGGMCT aTJ^A!iTl!AM TTGaaCTOCA GTTTKEMCT GOTSOTAITF aJflGAfnaCTGG 300 

acacrGarra caiaacaaaa GaasocaaGC casraarcoG aaaTrnaaG aaaoncsvaos 360 

GGGaarxraa aaxAsaacrr gaooctcaiit ttcmcxscta TOuaiaroCT crrCTcaaaG 420 

asxsacxoosc TarrcaGG&G axaaaGocaa TAaaoGGOGA GacacarcGa aaaacTGTGa 480 

GMTOCTOGA TOCBflTGAaa OTCNSGKMA AA3TTITGGG aaGGGaaCTT GJ^CTCTGGA 540 

aGCTCRITFF OG3V3CaTOC3C OiaG&GSETC CBGCTaTGOG GGGCaaaaiTA aOGGaaCKEC 600 

cbgctgtoot TCEcaarrac GaMaiGacsv taoooffxgc caaooGrrNr cbcbx&g&c& eeo 

AGGGcrraar tcxxbtggbg GGaGaoGAGS aocrxaaocr cirnxxxriTr caraiTGaaa 720 

OGTTTTaTCa TGMGGAGM GaaTTTOGaA aGGGOGM3VT MOMOGPOT 780 

aixaaGMGa GGOcaGaOTk arcacaroGa aaaaaaroGa TrrocxCTar tf i a^ m gi'iG 840 

TOTOcaarcsv aaGacaaarG axaaaoosrr TrcrrcaaCT TCrraaacaa aaamcoooG 900 

aroTGATAar aacrracaar ooGGAcaarr TrcarrrGoc CTarcrcaiEa aaaooGocaG 960 

aaaaGCTGGG aOTTOQGcrr GicrraoGaa GGGacaaaoa acarccxxsaa co&&GKrrc 1020 

acaGGATGGG TGaTRflTTTr GCTCTGGRaa txmjqgctrg aarcxaciTr Garcrrrroc 1080 



fig.6-1 
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CACTTOTGOG MGGROGMA AAOCTOOCAA OGEVEROQCT TGAGGCAGTT TATGAASCAG 1140 

TTTTAGGAAA AAOCAAAAGC AAA3TAGGAG C3VGAGGAAAT TGOCGCTA33V TGGGAMGAG 1200 

AAGAAAGCAIT GMMMCEA GOCX3U3TACT CAATOGAAGA SKOTAGGGCA AOZraTG»GC 1260 

TOQQGAAGGA MTC1TO00C ATOGAAGCTG AGCTGGCAAA GCTGAIAGGT CAAAGTOEAX 1320 

GGGACCTCTC GaGWCCaaGC AOOGGCAAOC TOGTGGAGTC GimXJriTIA AGEGTGGCAX 1380 

AOGOGAGGAA TCAACTTGCA OOGAACAAAC CTGATGAGGA AGACTATAAZV OGGOGCITAA 1440 

Gaacaacrna cctgggagga tatctaaaag agocagaaaa aggtttctgg gaaaatatca isoo 

TTT2OTTOGA TTTO0GCBGT CIGXAOCXnT CAAIAAIAGT TACTCAGAAC GTATOOCCAG 1560 

AEAOOCTTCA AAAAGAGGGC TOaftGMJPT AOGATGTCTGC TOOGAIACTA GGATATMCT 1620 

TCTGCAAGGA CTTTOOGGGC TTTATTOOCT OCRXACF0GG GGACTTAATT GCAATGAGGC 1680 

AAGAIAIAAA GAAGAAAAIFG AAATOGACAA TTGRGOCGKF OGAAAAGAAA ATOCTOGATT 1740 

M3U3GCRMVS GGCTA1TAAA TTOCTPGC3\A ACAGCATCTT AOCXAAOGAG TGCTEAOCAA 1800 

1M3TCAAAA TOGMAAATA AAATTOGTGA AAAITQGCGA GTPI3VEAMC TCTTACATOG 1860 

aaaaacagaa ggaaaaogtet aaaacagtag agaaiactga agttctogaa gtaaacaaoc 1920 

tititucact cicketcaac aaaaaaatca aagaaagtca agtoaaaaaa gtcaaagooc 1980 

tcaiaagaca taagtaiaaa ggg2vaagctt atca6a3tca gcttagctct gctagaaaaa 2040 

ttaacaiaac tqctcgocat agtctcttta c3v3ttagaaa tcgagaaa33v aaggaagtit 2100 

ctqgagatgg gaiaaaagaa gctgaoctea 1tctagcaoc aaagaaaa1t aaactcaatg 2160 

aaaaagggct aagczveaaac attooogagt taatctcaga tctttcogag gaagaaacag 2220 

cxx3acatpct gatgaogatt tcagocaagg gcagaaagaa cttctttaaa gg3vatgctga 2280 
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GMcnraaG GroGArarrr ggagaagaaa aiagaaggat aagaacmtt aatogceatt 2340 

TOT30CKECT OGAAAAACTA GQULTI1A1XJA AACTMTGOC OOGOGtaSOT GAAGTlSCra 2400 

MTOSCaGM OTEUfflGaRA TAIAAACAAC TTaaOGRCRA GGETGCRGSG& AGCCTEAAOT 2460 

acmoggaaa caagagagag totpergera tottc»aog& gatcaaggat ttis^ectt 2520 

ACTKX3CACA AAAAGAGCTC GAAGAATOGA AAA3TGGAAC TCFCAATOGC TOEAGAAOGA 2580 

MOTIKrTCT CAAAOTOGAT GAGGATTTTG GGAMCTOCT AGC3TraC33Vr GTTA0IGAGG 2640 

GCXKPGCASG TQCACAAAAA AAHEAAAACTG GTOOTATCAG TEATTOGGTG AAGCTTTACA 2700 

ATGAGGAOOC TAATCTTCTT GAGAGGA2X2A AAAATGTTQC AGAAAAATTC TTTGGGAAGG 2760 

TEAGRGITGA CMAAATEGC CTRAGEATAT CAAAGAAGAT GGGAT7VCTTA GTEATCAAAT 2820 

GOCTCTGTOG AQCATTAGOC GAAAACAAGA GAATTOCTTC TOT3VEACTC AOCTCTCXX35 2880 

AAOOGCTAOG GTOOTGAUTT TEfiGAGGOCT ATTTE2CAGG OGATCGAGAT AXACAHXRT 2940 

CAAAAAGGPT TAGGCTCTCA AGAAAAAGOG AGCTOCTTGC AAATC3VQCTX (JWmJITGtJ 3000 

TGAACTCTTT GGGAATATOC TCTCTAAAGA TAGGCTTTGA CACTGGGGTC TATAGACTGP 3060 

AXAXAAATGA AGAOC37QCAA 1TK5CRCAAA OGTCTBGGGA GAAAAACACA TACTACTCTA 3120 

ACTEAATTOC GAAAGAGATC CTTAGGGAOG TCTTTCGAAA AGAGTTOCAA AAGAACASX3V 3180 

OGITCAAGAA ATTEAAAGAG CTKJTTGACT CTGGAAAACT TAACAGGGAG AAAGOGAAGC 3240 

TCTTOGAGTT CTIX3OT3VAT GGAGATATTG TOCTTGACTG AGTCAAAAGT GITAAAGAAA 3300 

AGGBCTAIGA AGGQEATCTC TATCAOCTAA GOGTTGAGGA TAACGAGAAC TETCTTOTTG 3360 

GETTIGGITT GCTCTATGCT C3VCAACAGCT ATTAOGGCTA TATOQGGEAT OCTAAGGCAA 3420 

GATOOTACTC GAAGGAAICT GCTGAAAQOG TEADCX3CATC GGGGRGACAC TRCAIAGAGA 3480 



FIG.6-3 
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TCROGKEMG MMAraGRG GMaASTTOG QCfflRRGGr llUTimt*XS GAOVSTCICT 3540 

C»GG»G»aftG TCRGRICATA MAMGGMA AOTG&MGAT •nVGMTTOTO MAATAMGG 3600 

MraTPPCTC TACRGCMTG GOGaMAAGA M3VCTQC3VTT 3660 

TK3»AGCaCT MC1CIGG3VC GATOAOGGBA W3GTTOTCTC GAAG000OTC CXCTAOGIGA 3720 

TGAGGCRCAG A30GAAIAAA AG&ATOTTOC GCKTCTCGCT GAOC&AC&GC TGGI3V13VIAG 3780 

AMPEaCPSA GG3VTCTTTCT CTCAIAGGCT ATOEMRCAC GTCMAMOG MAACTGOCA 3840 

aaaaaatogg ggraasacia aasgmotaa agocttttga azeeaggcaaa gcactmaat 3900 

CGCXKTKHG COCAAA3X3CA CXXJFEAAAGG ATCAGAAIAC CAAAACTAGC GBAAIAGCAG 3960 

13VAAAITTC1X3 GGMCTOOTA GGATTGATTG TAGGAGATOG AAACTQGGOT GG3VGRTTCTC 4020 

GFTGGGCAGA OTRTERTCTT GGACTPTCAA GAGGCAAASA TGCAGAASAS AIAAAGCAAA 4080 

MCrrCTOGA ACXX3CIAAAA ACTEATOG3G TAATCTCAAA CTaXEROOCA AAAAAOGASA 4X40 

AAGGGGACTT GAACAXCT7G GCAAAGAGOC TTOTAARGIT TKIGAAAAGG CACTTTAAGG 4200 

AOG&AAAAGG AAGBOGAAAA ATTOCAtaGT TCKK7EATGA GCTTOOQOTT ACTTACAIAG 4260 

AGGcairrcr AocaGGAcre ititcagctg atootaciot aaceatcagg aagggagitc 4320 

CAGRGATCAG GCTAACAAAC A1TGATGCTG ACTTOCIAAG GGAAGTAAGG AAGCTTCTGTT 4380 

GGA3TOTK3G AAIEITCAAAT TGAA2RT1TG CTCAGaCTAC TOCAAATOGC TACAATCGTC 4440 

TTTCEACTGG AAOCIACTCA AAGCATCEAA GGATCAAAAA TAMTGGOGrr TTTOCTCAAA 4500 

GG3V3JAGGCTE AGAAAGCAGA AGASAEFFIT AGAACAOTTA AAATCAGOGA 4560 

GGSEAAAAAG GAAIAOCAIA GATTTTGGCT GCA3X3TGAAA AAAOTOGAAG 4620 
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aGAsaocaaa oc»gggttac gtttmxsaca ttgaactoga agagaogcat mgttctitc 4680 

caAACAACAT OCTGOTBCaC MiaCTCaro GCTTTmPGC CAGAAIAOOC GGGGAAAAGC 4740 

CTGAACTCAT TAAAAAGAAA GOCAAGGAAT TOCTAAACIA CAIAAACTOC AAACTTOCAG 4800 

G0XZEGCTTGA GCi'lUAtJUAIP GAGGGCTT1T ACTTGAGAGG MTCTITCTT ACAAAAAAGC 4860 

QCUKTGC&Sr C3VEftSATGAA GAGGGCAGGA TAACAACAAG GGGCFPGGAA GTROTMGGA 4920 

GAGATTOGaG TGBGAIAGCT AAGGAGACTC AGGCAAAGGT TPEAGAGQCT AIACTTAAAG 4980 

MQGMCTCT TGBAAAAGCT GTAGAAGTTC TOAGAGATCT TCTAGAGAAA AIAGCAAAAT 5040 

ACAGGGTTOC ACITGAAAAG CTTGTTKEOC ATCAGCAGAT TAOCAGGGAT TOAAAGGACT 5100 

ACAAAGOCAT TGGOOCTCAT GTOGOG3VTRG CAAAAAGACT lXXX3GCAA(a GGGATAAAAG 5160 

TCAAAOOGGG CACAAIAAIA AGCEATATOG TTCTCAAAGG GAGOGGAAAG ATAAGOGAIA 5220 

G®3EAATTTT ACFEACAGAA TAOG3VTOCTA GAAAACACAA GTAOG3VTOCX5 GACTACEACA 5280 

TAGAAAAOCA AGnTPQOOG GGAGT3VCTIA GC3VEACT0GA AGOGTCTGGA TACAGAAAGG 5340 

MGATTTAAG CTATGAAAGC TCAAAACAAA OOGGCTEAGA TGCJVTGGCTC AACTGCTAGC 5400 

tcpottgctt tteaotocaa gtttctoogc gagtctctct atctctctn 1 tctattctcc 5460 

taigtggttt tcmtcbcta ttaagtactc ogocaaagoc ataaogcttc caattocaaa 5520 

cttgmcoct otocbgtctc tggoctcaaa ttcactocat otttttogat oeapgctlot 5580 

ocjctcractc ceaagoctct cgaatctttt tcttqgogaa gagtgtacag ctatgaigat 5640 

taictcitoc tctogaaaog catctttaaa cotcix3aa3t tcatctagag acctovctoc 5700 

gtogsatta33v actoccttct acttctttag tagotctttt aoctttggga togitaattt 5760 

tg0ga0ggg& ttctcxx3gaa gctx3ctgc3ct aagctgaatc ctcacactgt tgahaoctic 5820 

ggg3ujttctt gggahoc 5837 
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ASSAYS OF A VENT POLYMERASE VARIANT WHICH 
LACKS 3' TO 5' EXON UCLEASE ACTIVITY 
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